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Preface

Fluorine is the 13th most abundant element in the Earth’s crust (the most
abundant halogen), yet only a couple of biologically produced natural organoflu-
orine compounds are known. Fluorine has the highest electronegativity of the
elements - generating a number of specific problems in the synthesis (and biosyn-
thesis) of organofluorine compounds. The majority of fluorine is present in its
reduced form, mainly as the fluoride ion (F~). This leads to at least two problems
when creating C—F bonds: the very high heat of hydration of the fluoride ion (F~),
which makes it a very poor nucleophile; and the very high oxidation potential of
fluorine which makes synthesis and handling of (highly reactive) electrophilic flu-
orination reagents usually difficult. The upside of the lack of efficient biosynthetic
pathways to C—F bonds is that organofluorines have very useful pharmacological
and pharmacokinetic properties, such as high metabolic stability against enzy-
matic oxidation. The C—F bonds usually increase the lipophilicity and modify
the acid-base properties of pharmacophores. In addition, the C—F bond is the
strongest single bond that a carbon atom can form with another element. These
beneficial properties substantially increase the bioavailability of small molecules,
which allows the use of fluorinated drugs and agrochemicals in lower doses than
their non-fluorinated counterparts, ensuring optimal bioactivity with a lower
environmental impact for these types of chemicals.

As mentioned above, all useful organofluorine compounds are human made.
Therefore, there is an enormous pressure on synthetic organic chemists to produce
a wide variety of new fluorinated compounds. This book is intended to cover the
most important state-of-the-art synthetic methods and addresses current challenges
within the field. At the same time, it gives in-depth analysis of the underlying chem-
ical processes controlling the formation of new bonds between carbon and fluorine
or fluorinated functional groups. A further important aspect is the application of
organofluorine compounds in various areas of medicinal and agrochemistry.

This book has a very strong emphasis on the classification, application, and prop-
erties of various modern fluorinating reagents. The most important requirement
for these reagents is the possibility to use them under mild conditions for selec-
tive transformations. Another important aspect is the safe and operationally

xiii
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Preface

simple handling of the fluorine transfer reagents. Accordingly, the first chapter
by Jianbo Hu and coworkers analyzes the basic aspects of the fluorine effects in
organic transformation with special emphasis on the introduction of difluoro-
and trifluoromethyl groups. In Chapter 2 Sodeoka and coworker review the
trifluoromethylation and fluoroalkylation reactions using selective, inexpensive
reagents. Functional groups with OCF;, SCF; and SeCF; and related structures
are very important in organofluorines targeted in medicinal- and agrochemical
applications. Introduction of these functional groups is reviewed in Chapter 3
by Billard and coworkers. A broad review about the development, synthesis and
application of SCF;, transfer reagents is given by Shen and coworkers in Chapter 4.
The substrate scope of the fluorination and fluoroalkylation reactions is also
discussed in detail. In Chapter 5 Liu and coworkers summarize the fluorination-
and trifluoromethylation-based difunctionalization reactions. Chapter 6 by Szabd is
focused on different substrate classes including alkenes, cyclopropanes, and diazo
compounds in fluorination, trifluoromethylation, and trifluoromethylthiolation
reactions. Modern methodology, such as photoredox catalysis, is an important tool
even in fluorination reactions. This topic is summarized in Chapter 7 by Akita and
coworkers. Control of stereochemistry to obtain enantiopure organofluorines is one
of the most important requirements in medicinal applications. Toste and coworker
summarized the most important development in asymmetric fluorination in
Chapter 8. Chiral organofluorine compounds have some extraordinary properties,
such as the ability for self-disproportionation of enantiomers (SDE), which can
be exploited for purification. Klika and coworkers described this phenomenon in
Chapter 9. Mechanistic and modeling studies are presented in many of the above
chapters. In Chapter 10 by Xue and coworkers, DFT modeling studies on the special
mechanistic features for the introduction of fluorine and fluoroalkyl groups are
summarized with a particular focus on the catalytic reactions and application of
the new fluorinating reagents. As mentioned above, application of organofluorines
is particularly important in chemical industry. A large part of the commercially
applied agrochemicals introduced in the last decade are fluorinated compounds.
In Chapter 11 by Jeschke, the modern trends in design of fluorine-containing
compounds are described analyzing the most important classes of herbicides,
fungicides, and insecticides. Fluorine-18 labeling of positron emission tomography
(PET) tracers is one of the most challenging areas in organofluorine chemistry.
Application of new methodology and reagents is reviewed in Chapter 12 by Liang
and coworkers.

This book is a result of a global collaboration by excellent research groups from
Asia, Europe, and North America indicating worldwide efforts of the organoflu-
orine community to forward this field, which is very important in synthetic
and mechanistic research as well as in industrial applications. We would like
to appreciate all authors of this book for their enthusiasm and for sharing their
knowledge in organofluorine chemistry with the readers and their help in the
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realization of this book. In addition, the editors are indebted to the Knut och Alice
Wallenbergs Foundation for granting the project “Organofluorines: anthropogenic
small-molecules for life sciences” (Dnr: 2018.0066).

Stockholm, April 2020 Kdlman J. Szabo
Stockholm University, Arrhenius Laboratory

Department of Organic Chemistry

Stockholm, Sweden
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The Development of New Reagents and Reactions for
Synthetic Organofluorine Chemistry by Understanding the
Unique Fluorine Effects

Qigiang Xie and Jinbo Hu

CAS Key Laboratory of Organofluorine Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy
of Sciences, 345 Ling-Ling Road, Shanghai 200032, China

1.1 Introduction

For a long period of time, fluorine chemistry research was deemed to be very
dangerous, in part owing to the notorious fluorination reagents such as F, and HF,
which are highly corrosive and reactive. In this context, synthetic organofluorine
chemistry was only pursued by a handful of researchers for several decades after
the first synthesis of F, by Moissan in 1886. However, great changes had taken
place over the past decades. With the successful application of chlorofluorocarbons
(although banned later owing to their ozone-depleting character by Montreal
Protocol in 1987) as refrigerants, the development of high-performance fluorinated
materials such as Teflon and the development of fluorinated pharmaceuticals and
agrochemicals, organofluorine chemistry has become increasingly important in
satisfying the huge demand for fluorinated molecules with diverse functions [1].
To date, organofluorine chemistry has become an indispensable branch of organic
chemistry and enriched many aspects of related areas such as medicinal chemistry
and materials science, among others. Perhaps the most prominent application
of organofluorine compounds that has close relation with our everyday life is
fluorinated drugs. For example, among the 59 drugs (39 of them are small molecule
drugs) approved by FDA in 2018, 18 contain at least one fluorine atom; among
the 48 drugs approved by FDA in 2019, 13 contain at least one fluorine atom [2].
Some representative fluorinated drugs approved in 2018 and 2019 are shown in
Figure 1.1.

In spite of the importance of fluorinated molecules in modern society, naturally
occurring organofluorine compounds are rare [3]. Basically, all the commercially
supplied organofluorine compounds are manmade. Thus, the development of new
reagents and reactions to introduce fluorine atoms or fluorine-containing moieties
into organic molecules is one of the central goals in modern synthetic organofluorine
chemistry.

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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Figure 1.1 Fluorinated drugs newly approved by FDA in 2018 and 2019.
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Figure 1.2 Organofluorine reagents developed or co-developed by us.



1.2 The Unique Fluorine Effects in Organic Reactions

Over the past 15years, our group has been interested in reaction mechanism-
inspired synthetic organofluorine chemistry [4]. We have developed or co-developed
avariety of reagents, including fluoroalkyl aryl sulfones [ 5], fluoroalkyl sulfoximines
[6], fluoroalkyl heteroaryl sulfones [7], difluorocarbene reagents [8], fluorinated sul-
finate salts [9], fluorinated esters [10], CpFluors [11], and SulfoxFluor [12], among
others (for a review, see Ref. [4d]), for fluoroalkylation, fluoroolefination, and fluori-
nation reactions (Figure 1.2). Our research program was triggered by two questions:
(i) What are the unique features of organofluorine reactions (compared with regular
organic reactions)? (ii) Is there any relationship among fluoroalkylation, fluoroole-
fination, and fluorination? In this review, we intend to answer these two questions
by illustrating representative reagents and reactions developed (or co-developed) by
us. In particular, understanding of the unique fluorine effects in organic reactions is
helpful in addressing these two questions [4g].

1.2 The Unique Fluorine Effects in Organic Reactions

It is now gradually accepted that organofluorine reactions are usually distinct from
regular organic reactions, and in many cases, fluorine substitution in an organic
molecule imparts unique reactivity to the latter. As a result, direct application of the
knowledge and experience acquired from regular organic reactions to organoflu-
orine reactions often leads to failure or unexpected results. In this section, we
provide some selected examples to highlight the unique features of organofluorine
reactions. For more examples and discussions, one may refer to our recent tutorial
review [4e].

1.2.1 Fluorine-Enabled Stability of “CuCF,” in Water, and the Unusual
Water-Promoted Trifluoromethylation

Organocopper reagents are widely used in organic synthesis [13]; however, these
reagents are typically water sensitive. In 2012, we disclosed a water-promoted
trifluoromethylation of a-diazo esters to access a-trifluoromethyl esters, represent-
ing the first example of fluoroalkylation of a non-fluorinated carbene precursor
(Scheme 1.1) [14]. We found that “CuCF;” (prepared from Cul/CsF/TMSCF;) in
n-methyl-2-pyrrolidone (NMP) is stable even in the presence of 66 equiv of water at
room temperature within five hours and only about 5% of “CuCF,” decomposed.
Taking advantage of the unusual stability of “CuCF,” in water (fluorine effect),
we could therefore use water (Cul is also applicable) as the iodide scavenger to
enhance the activity of “CuCF;” prepared from Cul/CsF/TMSCEF; significantly by
changing “CuCF;” in the form of [Cu(CF,)I]~ to “ligandless” [Cu(CF;)], which
is more reactive toward a-diazo esters. From an organometallic chemistry point
of view, water promotes the ligand exchange in “CuCF,” by eliminating iodide,
making the ligation of a-diazo esters to “CuCF,” more favorable. The stability of
“CuCF;” toward water and the instability of alkylcopper intermediate 1 toward
water ensure the success of this reaction.

3
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[ Cul/CSF/TMSCFs (1.0: 1.1: 1.1)]

l
e “CuCF3” (1.5 equiv) H CF3

R)J\COZR‘ H,0 (44 equiv), NMP R” CO,R'
“CUCFg” Cu CF3 HZO
Slow R™ "CO,R' | Faster than -F elimination
1

CU(CE T Mild “iodide ion scavenger’ Cu(CE
[CuCFa)] Either Cul or H,O [Cu(CFs)]

Less reactive More reactive

Scheme 1.1 Water-promoted trifluoromethylation.

1.2.2 Fluorine Enables -Fluoride Elimination of Organocopper
Species

In the abovementioned water-promoted trifluoromethylation, a stoichiometric
amount of copper is required and gem-difluoroolefin was found to be formed under
strictly anhydrous conditions. Inspired by this fact, we developed a copper-catalyzed
gem-difluoroolefination of diazo compounds, concisely [15] (Scheme 1.2a). In this
catalytic reaction, diaryl diazomethanes were used instead of a-diazo esters for
two reasons: (i) diaryl diazomethanes possess higher reactivity than a-diazo esters
and can react with unactivated “CuCF;” directly (without the need for eliminating
ligated iodide in “CuCF;”), making the addition of excess water or Cul as iodide
scavenger no longer necessary, and (ii) diaryl-substituted alkylcopper intermediate

F__F
N, Cul (5 mol%), CsF (5 mol%) I
ANy TMSCF, (2 equiv), NMP-dioxane A AP
Cu
“CuCFy’ ArNr ~CuF
Fast Ar’ F F| Faster than protonation
(a) 2
[ Cul/CsF/TMSCF4 (1.0 1.2: 1.2)]
N, CUCF, (1.5 equiv) FIF . CF
Ph™ "Ph H>0 (44 equiv), 5 min Ph Ph Ph Ph
(b) 63% 18%

Scheme 1.2 Copper-catalyzed gem-difluoroolefination of diazo compounds.
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2 readily undergoes B-fluoride elimination (even in the presence of excess amount
of water) (Scheme 1.2b), which is critical to regenerate the copper catalyst and close
the catalytic cycle.

1.2.3 The “Negative Fluorine Effect” Facilitates the a-Elimination
of Fluorocarbanions to Generate Difluorocarbene Species

Based on the results described in Sections 1.2.1 and 1.2.2, we were able to
achieve gem-difluoroolefination of diazo compounds under transition metal-free
conditions via direct cross-coupling between a non-fluorinated carbene precur-
sor from a diazo compound and difluorocarbene from TMSCF; or TMSCF,Br
(Scheme 1.3a) [16]. This reaction proceeds through nucleophilic addition of diazo
compounds to difluorocarbene, followed by p-N, elimination from intermedi-
ate 3, to form gem-difluoroolefins. The most significant feature of this protocol
is the broad substrate scope (compared with our previous copper-catalyzed
method of diazo compounds, which is only efficient for diaryl diazomethanes).
a-Diazo acetates, diaryl diazomethanes, as well as diazirines are all suitable sub-
strates. Moreover, by simply tuning the molar ratio of diazirines and TMSCF,Br,
either gem-difluoroolefins or tetrafluoropropanes can be obtained selectively
(Scheme 1.3b). It should be noted that the in situ generation of difluorocarbene
occurs via an a-elimination of fluoride ion from “CF,;~” (in the case of TMSCF,),
or via an a-elimination of bromide ion from “CF,Br~” (in the case of TMSCF,Br),
which can be explained by the “negative fluorine effect (NFE),” that is, fluorine
substitution on a carbanionic center will often have a negative (unfavorable) effect
on the carbanion’s thermal stability and its nucleophilic reactions with many
electrophiles.

)’\J‘\Z Nal, TMSCF, FIF
R R or nBuyNBr, TMSCF,Br R R

F~_F
I\EQN 100°C )"J‘\z nBu NBr I . cm)f':z
Ar” R Ar” R| TMSCF,Br Ar" R Ar R
4
4:TMSCF,Br=2:1 Yes No
(b) 4:TMSCF,Br=1:22 No Yes

Scheme 1.3 Transition metal-free gem-difluoroolefination of diazo compounds.

Alkylsilane reagents are useful in cross-coupling reactions. In the presence of a
Lewis base, alkylsilane can act as “R™” donor to undergo alkylation under transition
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metal catalysis [17]. In this context, fluoroalkylsilanes often serve as nucleophilic
fluoroalkylation agents. For instance, (trifluoromethyl)trimethylsilane (TMSCF;)
has been recognized as an efficient “CF;~” donor since 1989 [18] and has been
studied extensively ever since [19]. However, because of the fluorine substitution,
TMSCF; is not merely a “CF;~” equivalent. In 2011, our group, in collaboration
with the Prakash group, found that TMSCF; is also an efficient difluorocarbene
precursor [8d]. By employing nonmetallic fluoride TBAT (tetrabutylammonium
triphenyldifluorosilicate) as an initiator at low temperature (—50°C to r.t.) or
Nal as a promoter at higher temperature (65 or 110°C), efficient synthesis of
gem-difluorocyclopropa(e)nes can be achieved with TMSCF; (Scheme 1.4).

TMSCF3 = :CFZ

TBAT (5 mol%)

R' R -50°Ctor.t., THF iV
- TMSCF
. R'7 VTR
RZ  R* (@5eauV)l i 02 equiv) R? R
65 °C, THF
FF
TMSCF; (2.0 equiv
R——~FR’ 3( ) /A\
Nal (2.2 equiv), 110 °C, THF
R R’

Scheme 1.4 TMSCF; as a difluorocarbene precursor for gem-difluorocyclopropa(e)nation.

Difluorocarbene species derived from TMSCF; can dimerize to form tetraflu-
oroethylene (TFE) in an efficient and mild manner, providing a convenient and
safe protocol for the generation and handling of TFE in academic laboratories
(Scheme 1.5a) [20]. Previously, TFE was normally inaccessible for common lab-
oratories due to its suspected carcinogenic and explosive nature. The application
of on-site prepared TFE was demonstrated by the pentafluoroethylation and
aryloxytetrafluoroethylation of aryl iodides and 1,1,2,2-tetrafluoroethylation of
phenols, alcohols, thiophenols, and heterocyclic amines (Scheme 1.5b-d).

More recently, we also accomplished fluorocarbon chain elongation process
with TMSCF, as a difluorocarbene source. Selective one-carbon elongation
from trifluoromethyl to pentafluoroethyl [21], and two-carbon elongation from
pentafluorophenyl to perfluorophenylethyl [22] were efficiently realized under
copper-mediated conditions, providing a non-TFE pathway (Scheme 1.6). The key
issue of this process is harnessing “CuCF,” as a copper difluorocarbene (“Cu=CF,”)
equivalent.

TMSCF,Br was developed by us as a privileged difluorocarbene reagent, which
has been used to difluoromethylate a plethora of O-, S-, N-, P-, and C-nucleophiles
as well as to cyclopropa(e)nate alkenes or alkynes [8e, f, 23] (Scheme 1.7). Because of
the much better leaving ability of Br~ than F~, the life time of BrCF, ~ is short enough
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Scheme 1.5 TMSCF; as tetrafluoroethylene precursor.

CuCl, KF
TMSCF ’ ArCF,CF.
3 "DMF, Py, 80°C  CUCF2CFs er2bhs
Single CF, insertion
CuCF
CuCFs IFCu:Cle —
CuCg4F5
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TMSCgF5 Arl
CuCF,CF,C4F; — ArCF,CF,CgsF
TMSCF4 CuCl. KF, DMF 2Falgls 2CFabels

Scheme 1.6  TMSCF; for fluorocarbon elongation.

that it readily eliminates Br~ to produce difluorocarbene even in the presence of
large amount of water or acid. TMSCF,Br can generate difluorocarbene under a
wide range of conditions, ranging from strongly basic to weakly acidic, from aqueous
to anhydrous, and from low temperatures to high temperatures [8e, f, 23, 24]. This
unique feature renders TMSCF,Br particularly versatile and makes its orthogonal
reactions with ambident substrates possible [23] (Scheme 1.8).

7
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Scheme 1.7 The application of TMSCF,Br as a difluorocarbene reagent.
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Scheme 1.8 Orthogonal reactivity of TMSCF,Br with ambident substrates.
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Let us take alkene-ester substrate 11 (see Scheme 1.8c) as an example to showcase
the unusual orthogonal reactivity of TMSCF,Br with different functional groups: in
the presence of KOtBu, the C—H bond « to the ester group could undergo deprotona-
tion to generate the corresponding nucleophilic carbanion, which is highly reactive
toward difluorocarbene, while the alkene group shows low reactivity toward difluo-
rocarbene at room temperature because elevated temperature is required to conquer
the substantial activation barrier for most alkenes (except the most electron-rich
ones); when using nBu,NBr to activate TMSCF,Br at elevated temperature (in this
case, 110 °C), the alkene could efficiently react with the difluorocarbene, while the
C—H bond « to the ester group is unreactive toward difluorocarbene in the absence
of nBu,NBr at high temperature.

1.2.4 Tackling the p-Fluoride Elimination of Trifluoromethoxide Anion
via a Fluoride lon-Mediated Process

The trifluoromethoxy (CF,O) group is increasingly important in drug development.
Although methanol is definitely stable at room temperature, its perfluorinated ana-
log, CF;0H, is unstable at room temperature and decomposes (eliminating HF to
form COF,) even at —20 °C [25]. Therefore, trifluoromethoxylation with CF,OH is
impractical and the development of new trifluoromethoxylation reagents is highly
desired. In 2018, we developed trifluoromethyl benzoate (TFBz) as a new type of
shelf-stable trifluoromethoxylation reagent [10]. TFBz can be readily prepared from
triphosgene, KF, and PhCOBr, with COF, being an in situ-generated key intermedi-
ate (Scheme 1.9a). Notably, all the fluorine atoms in TFBz come from the cheap fluo-
ride source KF. A variety of other perfluoroalkoxylation reagents can be obtained in
a similar manner (Scheme 1.9b). The versatility of TFBz as a trifluoromethoxylation
reagent was demonstrated by trifluoromethoxylation-halogenation of arynes, nucle-
ophilic substitution of alkyl(pseudo)halides, cross-coupling with aryl stannanes, and
asymmetric difunctionalization of alkenes (Scheme 1.9c).

1.3 The Relationships Among Fluoroalkylation,
Fluoroolefination, and Fluorination

Although numerous fluoroalkylation, fluoroolefination, and fluorination methods
have been elegantly established, the relationships among these three reactions have
been ignored. As part of our longstanding interest in studying new fluoroalkylation,
fluoroolefination, and fluorination reagents and reactions by probing the unique flu-
orine effects, we realized that there are close relationships among fluoroalkylation,
fluoroolefination, and fluorination in many cases (Scheme 1.10). In this section, we
intend to discuss these relationships by providing some examples.

1.3.1 From Fluoroalkylation to Fluoroolefination

A typical olefination reaction is started with a nucleophilic alkylation step
(Scheme 1.11a). It is also true for fluoroolefination reactions. PhSO,CF,H is a

9
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Scheme 1.9 Synthesis and application of TFBz as a new trifluoromethoxylation reagent.
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Scheme 1.10 The relationships among fluoroalkylation, fluoroolefination, and
fluorination.
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powerful difluoromethylation reagent [26] and was studied extensively by us
and others [5b, 27]. Inspired by the Julia-Kocienski reaction that uses heteroaryl
sulfones for the synthesis of olefins [28], it is natural to envision whether a fluo-
rinated version can be achieved for fluoroolefination. Indeed, by changing phenyl
to 2-pyridyl, we developed difluoromethyl 2-pyridyl sulfone (2-PySO,CF,H) as a
novel and efficient gem-difluoroolefination reagent [7a] (Scheme 1.11b).

X Y Conditions
S L e T

A functionalized In most cases,
(a) carbanion synthon Y =0

(1) tBuOK (1.8 equiv)

¥ OO ooy
Het”™ " "CF,H (2) NH,CI, 3 N HCI F

-50°Ctor.t.

O\\ //o \\ // \\ // Q\ //o
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(2-PySO,CF,H) (BTSO,CF,H) (PTSO,CF,H) (TBTSO,CF,H)
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2 + _N OO0
(2) CH;l

OMe
F, ©
| x (0] C‘S/O
1"
observed for
the first time
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Scheme 1.11 The development of 2-PySO,CF,H for gem-difluoroolefination.

(d)

Notably, there is a unique fluorine effect in this olefination reaction. In
non-fluorinated Julia-Kocienski olefination reactions, 2-pyridyl sulfones gen-
erally give lower yields of products than other heteroaryl sulfones, such as
1,3-benzothiazol-2-yl (BT), 1-phenyl-1H-tetrazol-5-yl (PT), and 1-tert-butyl-1H-
tetrazol-5-yl (TBT) sulfones [28]. However, the Julia-Kocienski type difluoroolefina-
tion reaction shows unusual reactivity: 2-PySO,CF,H shows the highest reactivity,
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but PTSO,CF,H and TBTSO,CF,H possess almost no reactivity (Scheme 1.11c).
This sharp contrast between 2-PySO,CF,H and the other two reagents may be
attributed to the much higher stability and better nucleophilicity of 2-PySO,CF,~
than other HetSO,CF,~ anions. Another important feature of this reaction is that
the sulfinate salt intermediate (Scheme 1.11d), which has never been observed in
regular Julia-Kocienski reactions, was detected and captured by us for the first
time, highlighting that organofluorine research enables intriguing insights into
regular organic reactions.

Although an efficient gem-difluoroolefination has been realized with 2-PySO,
CF,H, when it comes to monofluoroolefination, the issue of how to control the
stereoselectivity arose.

In 2015, “a magic reaction” was discovered by us by the reaction of 2-PySO,CHFR
and aldehydes to prepare monofluoroalkenes [7c]. In this reaction, both Z- and
E-isomers can be obtained and easily separated in an efficient and stereoselective
manner (Scheme 1.12a). The key issue of this unique reaction is the significant
stability difference between the two diastereoisomeric sulfinate salt intermedi-
ates (Scheme 1.12b), which enables spontaneous resolution and phase labeling
of the two diastereoisomeric sulfinate salts, thus allowing separation of Z- and
E-monofluoroalkenes by liquid-liquid extraction.

00 Water phase
Y R o Base (1)H,0 (1) H* R. F

NOYU L |
| N F R’ (2) Extraction (2) Extraction _,

Z with Et,O with Et,0 R

organic|phase
F.__R
T
(@) R

Spontaneous

low energy barrier

H+

High energy barrier
without H*

(b)

Scheme 1.12 Spontaneous resolution and phase separation to deliver Z- and
E-monofluoroalkenes.
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The synthesis of terminal monofluoroalkenes was regarded as a formidable
challenge because of the minimal energy difference between the two stereoisomers.
Encouraged by the excellent stereocontrol in the fluoroalkylation of carbonyl
compounds with chiral sulfoximine reagents [6c-e] and the efficient fluoroolefi-
nation with 2-pyridyl sulfone reagents [7a] (Scheme 1.13a), we developed a novel
heteroaryl sulfoximine reagent, S-monofluoromethyl-S-(2-pyridyl)sulfoximine,
to access di- and trisubstituted terminal monofluoroalkenes with high stereose-
lectivity, concisely [6f] (Scheme 1.13b). The reaction proceeds through a highly
diastereoselective addition of S-monofluoromethyl-S-(2-pyridyl)sulfoximine to car-
bonyls, followed by Smiles rearrangement and anti-1,2-elimination (Scheme 1.13c).
The 2-pyridyl group plays a critical role in promoting the olefination, whereas the
sulfoximidoyl group is pivotal for controlling the stereoselectivity.

o\\ /N PG %P o\\ NTBS
S-CFH :> SCH,F
_N N
For stereoselective  £qr flyoroolefination For stereoselective
(a) fluoroalkylation fluoroolefination

O\\élNTBS N 1) KHMDS, ~78 °C, 0.5 h HoF
N TeHF RLJKRS ) ,-78°C,05 ]:
_N (2) 3M HCI RL RS
Up to 92% yield
(b) Up to >99/1 E/Z
O, NTBS 0 Q. NTBS TBSN)E
\N\ 7, \ / :\
I S\cHF RUORS 2 |\S EI /O D VaR-
N Base (N j:RL rl~0" RS
Pz N Q ;RS . ’:l

(c)

Scheme 1.13 The development of S-monofluoromethyl-S-(2-pyridyl)sulfoximine for
stereoselective monofluoroolefination.

1.3.2 From Fluoroolefination to Fluoroalkylation

Asmentioned in Section 1.3.1, 2-PySO, CF, H was developed as a new gem-difluoroo-
lefination reagent and the sulfinate salt intermediate was found to be relatively
stable and can be observed (see Scheme 1.11). Based on this fact, we realized a

13



14

1 The Development of New Reagents and Reactions for Synthetic Organofluorine Chemistry

formal nucleophilic iodo- and bromodifluoromethylation of carbonyl compounds
with 2-PySO,CF,H via in situ halogenation of the sulfinate salt intermediates
delivered from Smiles rearrangement (Scheme 1.14). By simply using “X*” reagents
to quench the reaction instead of “H*,” we could, therefore, tune the pathway from
fluoroolefination to fluoroalkylation.

Q B OH
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| R" "R? v R'T>CF.X
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e X =B
F
0.9 il 0.9 o _LF
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FF _/ F_F x\\|
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Smiles | N © S © i With °X | - 2 !
rearran- N R2R' O :fluoroalkylation _N R2R'QO I
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! 1
P 0\55 I
1 : A
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Scheme 1.14 Halodifluoromethylation with 2-PySO, CF, H.

Remarkably, a unique fluorine effect was observed in this reaction [29]. Unlike
the reaction between 2-PySO,CF,H and carbonyls (after a subsequent halogena-
tion) giving formal nucleophilic halodifluoromethylated products, a similar reaction
using non-fluorinated 2-PySO,CH, results in a totally different kind of product, a
E-alkene (Scheme 1.15). This product may be formed via intramolecular cyclization
of the in situ-generated sulfonyl iodide intermediate produced from iodination of the
sulfinate salt intermediate, followed by an elimination process. The change of reac-
tion pathway using 2-PySO,CH, is probably due to the different stability between
the non-fluorinated sulfonyl iodide intermediate and the fluorinated ones.

As we can see from the mechanism shown in Scheme 1.14, Smiles rearrangement
is one of the key steps in Julia—-Kocienski gem-difluoroolefination reaction. In order
to realize fluoroalkylation with 2-PySO,CF,H, inhibiting the Smiles rearrangement
is a viable strategy. Indeed, by lowering the temperature to —78 or —98 °C and chang-
ing the solvent from DMF (N,N-dimethylformamide) to THF (tetrahydrofuran), the
Smiles rearrangement can be inhibited and the nucleophilic addition products can
be obtained in good yields [30] (Scheme 1.16). The obtained addition products can
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Scheme 1.15  Different reactivity of 2-PySO,CF,H and 2-PySO,CH..

readily undergo depyridination to give sulfinate salts, which can be transformed to
iododifluoromethylated products by treating with I,.
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Scheme 1.16 Direct nucleophilic addition of 2-PySO,CF,H to carbonyls for
iododifluoromethylation via non-Smiles rearrangement pathway.

The abovementioned fluoroalkylation strategies with 2-PySO,CF,H are largely
dependent on the nucleophilic 2 - PySO,CF,~ anion. However, difluoromethylation
with 2-PySO,CF,H via direct CF,H transfer is also possible. In 2018, we reported the
first iron-catalyzed difluoromethylation of arylzincs with 2-PySO,CF,H, providing
a facile method to structurally diverse difluoromethylated arenes at low tempera-
ture [31] (Scheme 1.17a). Mechanistic studies revealed that a difluoromethyl radical
is involved in the reaction, and the direct transfer of CF,H as a whole was sup-
ported by deuterium labeling experiment. A proposed catalytic cycle is shown in
Scheme 1.17b.
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Scheme 1.17 Iron-catalyzed difluoromethylation of arylzincs with 2-PySO,CF,H.

Except for 2-PySO,CF,H, many other fluorinated heteroaryl sulfones have been
extensively investigated. As we can see from Scheme 1.11c, although BTSO,CF,H
was found to be an inefficient fluoroolefination reagent, its use for radical flu-
oroalkylation is a great success. In 2015, we developed a novel method for the
preparation of sodium fluoroalkanesulfinates by the reduction of the corresponding
benzo[d]thiazol-2-yl sulfones (BTSO,R;) [9]. This method enables a highly efficient
and rapid large-scale synthesis of sodium di- and monofluoromethanesulfinates
(Scheme 1.18a). Synthetic application of these sulfinates in radical fluoroalkylation
is exemplified by the silver-catalyzed cascade fluoroalkylation/aryl migration/SO,
extrusion of conjugated N-arylsulfonylated amides (Scheme 1.18b).

The versatility of heteroaryl sulfones as fluoroalkyl radical precursors may be
best illustrated by the readily tunable reactivity of heteroaryl sulfones that can
generate a wide range of fluoroalkyl radicals such as monofluoromethyl, difluo-
romethyl, 1,1-difluoroethyl, phenyldifluoromethyl, benzoyldifluoromethyl, and
trifluoromethyl radicals via visible light photoredox catalysis under mild conditions
[7d]. The synthetic application of heteroaryl sulfones in radical fluoroalkyla-
tion of isocyanides was demonstrated to highlight the versatility of heteroaryl
sulfones as fluoroalkyl radical precursors (Scheme 1.19a). The most prominent
feature using heteroaryl sulfones as fluoroalkyl radical precursors is that they are
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Scheme 1.18 The preparation and application of sodium fluoroalkanesulfinates.

reactivity-tunable. By slightly changing the heteroaryl rings, the redox potential of
fluorinated heteroaryl sulfones can be varied, ensuring the efficient generation of
various fluoroalkyl radicals (Scheme 1.19b).

o _f
,’ TS\R' Visible-light R ©/ 7
‘" N —_— N
~- photocatalyst, r.t. |
O

(a) Ry = CH,F, CF,H, CF,Me, CF,Ph, CF,, CF,COPh
® (] n
G 0.0 [Ru(bpy)3ICl,-6H,0, DMSO I
N~ + _S.
O A7 Ry Na,COs, 6 W blue LED, rt. O
F F F F
O\\ /,O Q\ /,O \\ // “ P O\\ /,o %
\l/ “CH,F \l/ “CFaMe \l/ “CFPh CF3 \l/ “CFs \ Sse Ph
Wathulatharachude g
(-0.73V) (-125V) (-146 V) (-140V) (-0.97V) -101V)
(b) 75% 79% 70% 75% 89% 85%

Scheme 1.19 Heteroaryl sulfones as fluoroalkyl radical precursors.

The combination of gem-difluoroolefination and fluorination can also be
used as a good synthetic strategy for fluoroalkylation. In 2015, we reported an
AgF-mediated fluorination of gem-difluoroolefination, followed by subsequent
cross-coupling with a non-fluorinated olefin, to access a-CF; alkenes and p-CF,
ketones [32] (Scheme 1.20a). Mechanistic studies revealed that a-CF;-substituted
benzyl radicals are involved, concluded by 2,2,6,6-tetramethylpiperidine 1-oxyl
(TMEPO) trapping and radical clock experiments. A proposed mechanism is
shown in Scheme 1.20b: addition of AgF to gem-difluoroolefination gives rise to
a-CF;-benzylsilver intermediate, which can undergo C—Ag bond homolysis to
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give a-CF;-substituted benzyl radical. Addition of this radical to non-fluorinated
alkene generates a new radical, which is oxidized to a carbocation followed by
deprotonation to afford a-CF; alkene.

J]\ CF; Ar!
Ar'” >SArR2 P

Ar?
R YN __ | AgF (3.0 equiv)
A F NMP, 80 °C CF; O

(a) OMe
RN TS F AgF —Ag
— S E—— X
S F R A9 R
Z %
CF3 AI’1

2AgF CF; A L

N ZAr, Ar' T >ArR
R_. _ 47_4 R AN “SAr?
(b) Ag + AgHF, Z

Scheme 1.20 AgF-mediated cross-coupling of gem-difluoroolefins and non-fluorinated
olefins.

1.3.3 From Fluoroalkylation to Fluorination

3,3-Difluorocyclopropenes are readily available by the reaction of alkynes and
difluorocarbene reagents, such as TMSCF;, TMSCF,Cl, and TMSCF,Br [8d-f].
Based on the fact that 3,3-difluorocyclopropenes can be hydrolyzed to cyclo-
propenones in wet atmosphere and Lambert’s elegant work in deoxychlorination
of alcohols using 3,3-dichlorocyclopropenes [33], we successfully realized the use
of safe and readily available difluorocarbene reagents for fluorination by means
of 3,3-difluorocyclopropenes [11] (Scheme 1.21). To ensure the high efficiency of
deoxyfluorination of aliphatic alcohols with 3,3-difluorocyclopropenes, the reaction
should be carried out in a non-glass vessel because the in situ-generated HF will be
consumed by the glassware (mainly SiO,), thereby retarding the desired reaction.
The electronic nature of CpFluors is critical. For monoalcohols, utilizing
electron-rich aryl substituent on CpFluors to stabilize the cyclopropenium cation
intermediate is a key issue (Scheme 1.21, path a). However, for 1,2- and 1,3-diols,
the reaction proceeds through cyclopropenone acetal intermediates, and is thus
less dependent on the electronic nature of CpFluors (Scheme 1.21, path b). The
most intriguing feature of CpFluors is that they are more sensitive to the electronic
nature of alcohols than many other deoxyfluorination reagents; hence, selective



1.3 The Relationships Among Fluoroalkylation, Fluoroolefination, and Fluorination

[:CF,]

Ar—=——Ar | [2 + 1] cycloaddition

CpFluors

R1
o7 R

R2 R1

2 n

“HF” Path a | Path b m “HF”

In situ A /A In situ
Ar Ar Ar A

r

Cyclopropenium cation Cyclopropenone acetal

=
I
|

o

=

o
=
I
|

Scheme 1.21 Deoxyfluorination of alcohols with 3,3-difluorocyclopropenes.
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Scheme 1.22 Selective deoxyfluorination of longer diols.
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fluorination of electron-rich OH groups of longer diols (non-1,2- and 1,3-diols) can
be realized (Scheme 1.22).

Based on our work on fluoroalkylation chemistry using fluorinated sul-
fones and sulfoximines, and also inspired by Doyle’s work [34], we developed
N-tosyl-4-chlorobenzenesulfonimidoyl fluoride (SulfoxFluor) as a new bench-stable
and highly reactive deoxyfluorination reagent [12] (Scheme 1.23). The prominent
features of SulfoxFluor include a rapid fluorination rate, fluorine economy,
selective monofluorination at the least steric hindered site of diols, and high
fluorination/elimination selectivity.

Q0 . _ O, NPG
s’ [ versatile fluoroalkylation reagents g
Ar Rf Ar” T Rf

d L

\ 7/ \Y7

S SSE /©/S‘F
N
Z c

PyFluor SulfoxFluor
Doyle’s work our work
OH SulfoxFluor F
R1J\R2 DBU, 10-30 min, r.t. R1 T R2

Scheme 1.23 Development of SulfoxFluor for deoxyfluorination.

1.4 Conclusions

Our efforts in the development of novel reagents for fluoroalkylation, fluo-
roolefination, and fluorination by probing the unique fluorine effects have been
summarized. During our research work, we realized that (i) there are often unique
fluorine effects in organic reactions, (ii) tackling the unique fluorine effect and
unveiling the relationships among fluoroalkylation, fluoroolefination, and fluorina-
tion enable us to develop various reagents for synthetic organofluorine chemistry,
and (iii) organofluorine reactions are not only practically useful but also provide
fundamentally intriguing insights into generally organic reactions.
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2.1 Introduction

In recent years, increasing numbers of perfluoroalkyl group-containing medicines,
agrochemicals, and functional materials have been reported [1], in large part
due to the development of sophisticated perfluoroalkylating reagents, such as the
Ruppert-Prakash, Togni, Umemoto, and Langlois reagents, as reviewed elsewhere
in this book. Although synthetic routes to many perfluoroalkylated molecules can
now be designed based on reported perfluoroalkylations using these reagents, it
remains preferable to employ readily available, inexpensive, multipurpose perfluo-
roalkyl compounds that can be conveniently stored in the laboratory. In particular,
perfluoroalkyl group-containing building blocks that can be prepared by means of
scalable perfluoroalkylation reactions are needed. In this context, we focus here on
perfluoroalkylation reactions utilizing perfluorocarboxylic acids and anhydrides
as user-friendly perfluoroalkyl sources. Although several excellent secondary
reagents, including the corresponding esters prepared from perfluorocarboxylic
acids and anhydrides, are known [2], we will review only methods directly using
the carboxylic acids and anhydrides themselves.

2.2 Perfluoroalkylation with Perfluorocarboxylic Acids

The history of perfluoroalkylation reactions of organic compounds using
perfluorocarboxylic acids began in the 1970s, and since then various methods
for the generation of perfluoroalkyl radicals or perfluoroalkyl metals as reactive
species for perfluoroalkylations have been developed. In this section, we describe
perfluoroalkylation reactions with perfluorocarboxylic acids, classified according to
the following reaction modes: electrochemical reactions (2.1), reactions using XeF,
(2.2), reactions using copper and silver salts (2.3), photochemical reactions (2.4),
and other methods (2.5).

Organofluorine Chemistry: Synthesis, Modeling, and Applications,

First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
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2 Perfluoroalkylation Using Perfluorocarboxylic Acids and Anhydrides

2.2.1 Electrochemical Reactions

Electrolysis of perfluorocarboxylic acids and their metal salts can generate a per-
fluoroalkyl radical by anodic reaction, which was inspired by Kolbe electrosynthe-
sis (Scheme 2.1) [3, 4]. The perfluoroalkyl radical can be electrophilically added to
alkenes, alkynes, and aromatic compounds, and some examples are described below.

e, COQ R
RfCOQ_ —L> ° Rf 4>f R _Rf
Electrolysis Kolbe conditions

Scheme 2.1 Electrochemical generation of perfluoroalkyl radical.

2.2.1.1 Reactions of Alkenes and Alkynes

In 1973, Renaud and Sullivan found that electrochemical oxidation of a mixture
of sodium trifluoroacetate and propionate gave a mixture of 3,3,3-trifluoropropene,
1,2-bis(trifluoromethyl)ethane, 1,1,2-tris(trifluoromethyl)ethane, and 1,2,4-tris(tri-
fluoromethyl)butane (Scheme 2.2) [5]. These products were considered to be pro-
duced by addition of the CF; radical to ethylene formed in situ from propionic acid
under electrolysis conditions; this was confirmed by the reaction of ethylene gas with
trifluoroacetate [6].

CoHsCO,Na | F5Ce D FlC X Hogiae CFs
jj)\ (0.5 equiv) HQ 24% 10%
FsC” “OH  C,HCO,H/MH,0 H)\(H T CFR, 501
Pt—Pt electrode H F C)\/CFs F.C CF3
0.2 Alcm?, 20 °C 8~ 14% ¥ 9%

Scheme 2.2 Anodic trifluoromethylation of ethylene formed in situ.

The group of Brookes, Coe, Pedler, and Tatlow reported perfluoroalkylation
of alkenes with perfluorocarboxylic acids [7, 8]. They determined the structures
of several products obtained by the reaction of alkenes such as non-substituted
terminal alkenes, methyl acrylate, acrylonitrile, and methyl 3-butenoate with
perfluorocarboxylic acid. For example, methyl acrylate gave dimethyl succinate
derivatives as major products in most cases via homocoupling of alkyl radicals
generated by the reaction of alkene and perfluoroalkyl radical (Scheme 2.3).
Notably, p-perfluoroalkylated methyl acrylate was also isolated as a major product
when pentafluorobutanoic acid was used.

On the other hand, cyclopentene did not give the trifluoromethylated product,
but instead trifluoroacetoxylation occurred. Furthermore, they also exam-
ined the reactivity of 1-hexyne, but obtained a complex mixture containing
1,1,1-trifluoro-2-heptene (E/Z = 1 : 4) and a vicinal double trifluoromethylated
product, 1,1,1-trifluoro-3-(trifluoromethyl)-2-heptene. In 1975, Renaud and Cham-
pagne independently reported a similar reaction of trifluoroacetic acid with
alkenes possessing an ester group, affording the corresponding trifluoromethy-
lated meso-dimers and vicinal bis-trifluoromethylated products [9]. They also
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Scheme 2.3 Perfluoroalkylation of methyl acrylate.

synthesized ethyl 3,3,3-trifluoropropionate by decarboxylative electrochemical
oxidation of malonic acid monoethyl ester in the presence of trifluoroacetic acid.
Dmowski et al. reported the dimer-forming electrochemical trifluoromethylation of
acrylonitrile and crotonitrile in 1997 [10].

Renaud extensively studied the electrochemical trifluoromethylation of alkenes,
using mono- and disubstituted alkenes and heterocyclic alkenes [11]. In contrast
to acyclic alkenes such as methyl vinyl ketone, vinyl acetate, diethyl fumarate, and
diethyl maleate, which gave the dimer as the major product, heterocyclic alkenes
such as N-ethylmaleimide and 2,5-dihydrothiophene 1,1-dioxide efficiently afforded
the vicinal bis-trifluoromethylated products (Scheme 2.4a). They also succeeded in
demonstrating an intramolecular carbo-trifluoromethylation via radical cyclization
of bis-alkenes bearing ester groups (Scheme 2.4b) [12]. Grinberg’s group performed
electrolysis of sodium trifluoroacetate in the presence of the dimethyl ester of maleic
acid, obtaining the corresponding bis-trifluoromethylated product and the trifluo-
romethylated dimer [13]. They also examined the influence of the current density
on the product yields and selectivity, finding that an increase of the current density
reduced the yields of the trifluoromethylated products without significantly chang-
ing the product ratio and facilitated the formation of hexafluoroethane (C,F).

(a)

(0] O
j\ NaOH FsC
F,.C7 TOH + | NEt NEt
Ecess CH4CN/H,0 F,C
(0] Pt anode O
0.15A/cm2, 7 h 3%
© CO,Et CO,Et
(0] 2 2
PS N CO,Et NaOH FAC CO,Et
FsC~ "OH + |
Excess CH3;CN/H,O
Pt anode CF3
0.15A/cm?, 7 h 42%

Scheme 2.4 (a) Vicinal bis-trifluoromethylation and (b) carbo-trifluoromethylation.
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From the viewpoint of synthesizing new trifluoromethylated molecules,
bis-trifluoromethylated products could be a good building block; for example, Muller
reported the derivatization of a bis-trifluoromethylated product, 2-(trifluoromethyl)-
4,4 4-trifluorobutyric acid, obtained by the anodic trifluoromethylation of acrylic
acid (Scheme 2.5) [14]. The trifluoromethyl group at the a-position of the carboxylic
acid was hydrolyzed selectively to a carboxyl group under basic conditions, and the
obtained malonic acid was transformed into a barbital analog in several steps.

Q F.C— Et
J o 0
\)J\ FsC” OH /\)J\ NaOH /\)k ° ©
OH Acetone/H,0 |73€ OHl e 1+ € OH = |IN__NH
Pt anode CF3 CO:H o

Barbital analog

Scheme 2.5 Synthesis of a barbital analog using a bis-trifluoromethylated product.

Uneyama et al. demonstrated the synthetic utility of a bis-trifluoromethylated
amide prepared by anodic trifluoromethylation of acrylamide with trifluoroacetic
acid, successfully generating cyanoester, amino acid, and p-lactam analogs
(Scheme 2.6) [15, 16]. In the above early reports, the products of electrochemical
trifluoromethylation of alkenes using trifluoroacetic acid were usually limited to
bis-trifluoromethylated products or trifluoromethylated dimeric products. Muller
overcame this limitation, achieving the synthesis of mono-trifluoromethylated
products by means of anodic trifluoromethylation (Scheme 2.7) [17]. When
isopropenyl acetate was employed in electrochemical trifluoromethylation with
trifluoroacetic acid in the presence of sodium hydroxide, 4,4,4-trifluoro-2-butanone
was efficiently obtained [17a]. In addition, 12,12,12-trifluorododecanoic acid [17b]
and 4,4,4-trifluorobutanal [17c] were synthesized from undecylenic acid and allyl
alcohol, respectively.

X
Fo,C~ “OH
(4 equiv) heoh CFs GO:Me
q (0.4 equiv) . C\)\ Cat. NaOH E C\/k
+ 3 8
CHaCN/H,0 CONH ™\ 1e0H CoNA,
/\CONH2 Pt electrode
35% 85%
COMe H,, PtO, CO,Me EtMgBr °
, NH
P,Os ° A aoort. PO AN FsC\jL
220 °C 70% 55%
80%

Scheme 2.6 Utility of bis-trifluoromethylated amide. as a synthetic building block

Uneyama greatly advanced the electrochemical perfluoroalkylation reaction of
alkenes using carboxylic acids [18]. In 1988, he applied enolate chemistry to anodic
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OAc NaOH (0.13 equiv) 0]
+ FsC
/L\ Acetone/H,0 8 \)J\
Pt anode ?7% .
0.6-0.7 A, 24 h (>90% purity)
0 0
+ F c\/\M)k
MOH Same as above 8 s OH
12%
NaOH (0.13 equiv) E.C o
+  AOH s
~ MeOH \/\Hlé
Pt anode, 0.6 A 25%

Mono-trifluoromethylations of alkenes.

electrophilic trifluoromethylation; electrochemically generated trifluoromethyl
radical was added to an enol formed in situ from p-ketoester (Scheme 2.8a) [19].
While the reaction at 60 °C gave a-trifluoromethylated p-ketoester in 31% yield as
the sole product, interestingly, the o-trifluoromethylated ester was generated via
elimination of acetic acid at —40 °C. In addition, the use of enol acetate instead of the
ketoester substrate was found to give trifluoromethylated p-ketoester exclusively in
better yield (Scheme 2.8b), which suggests that the acetate group is a better leaving
group to facilitate the C—O bond cleavage. Uneyama also reported pioneering

(a)

(0]

N

FsC~ "OH o o

)Ol\/cl)l\ Excess 0]
OCgH;;, CH3CN/H,0 OCgH17 FSC\)J\OC H
Pt electrode CF3 g
50 mA/cm?
at 60 °C 31% None
at—-40 °C None 47%
Proposed mechanism O O
OH CF3 s Moo O MCR
F
R= CaH17 8 —AC% E CQJ\OR

(b)
o]

N

Excess

O O
OAc O
R! R2
FoC” "OH  * g™z op oNM,0, 0 °C CF,
Pt electrode 5
= CHg, CoHg, i-Pr 50 mA/cm? Up to 64%

=0CgH7, OCoHs, CeHyz

Scheme 2.8 Application of enolate chemistry; reactions of (a) p-ketoester (b) enol acetate.
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work on bifunctionalization-type perfluoroalkylation reactions [20]. In 1988,
amino-trifluoromethylation of methyl methacrylate with trifluoroacetic acid under
basic conditions was developed (Scheme 2.9a) [20a], in which trifluoromethyl and
acetamide groups were installed simultaneously in an acetonitrile-H,O cosolvent
system. Notably, the dimeric product was not obtained under these conditions.

. 0
@ 4 Me (Ogae%ﬂiv) AcHN Me
F C)J\oH + OMe FsC OMe FsC OMe
sC” CHZCN/H,0 FaC OMe
(3 equiv) 0 Pt anode © 0
24mA, 0-5°C 20% Not obtained
(b)
i NaOH or K,CO TFa
a or
<R 2C0s )\(R R = CN 65%
F H + R/\/ R _ o,
&0 OO0 T R = CO,Et 88%
Pt electrode
. .
(c) o . NaOH R! R2 yield
Ji§ (0.3 equiv) HO R? Me "Bu  34%
F H + /\ 2 ——— > F.C o
€70 COR* “cetone/r,0 ' \)QCOQRZ Et Et  35%

(3 equiv) Pt slactrode CH,CO,Me Me 30%

0} . 0 OH
)j\ NaClOy, (1 equiv)
+ /\ n FSC\)J\ FSC\/k
FaC™ "OH CO2"BY 11 CNIH,0/i-PrOH CO,"Bu CO,"Bu

Pt electrode 29% 14%
O, bubbling

(3 equiv)

Scheme 2.9 Bifunctionalization-type trifluoromethylations.

He then reported hydro-trifluoromethylation of fumaronitrile [20b] and dialkyl
fumarates [20c] (Scheme 2.9b). The hydrogen atom was proposed to come from
the water cosolvent via protonation of an anionic intermediate. Furthermore
oxy-trifluoromethylations affording alcohol [20d] and ketone [20e] products were
developed (Scheme 2.9c). In the reaction, water and oxygen were utilized as oxygen
sources for the bifunctionalization-type trifluoromethylation. These conditions of
electrochemical trifluoromethylation could be applied to perfluoroalkylations of
electron-deficient alkenes with perfluoroalkanoic acids (R;CO,H: R; = CF;, C;F,,
C,F,s, CHF,, and CH,F) [20d].

In 1996, Dmowski and Biernacki found that electrochemical trifluoromethyla-
tion of 2,5-dihydrothiophene 1,1-dioxide in H,O provided the allylic trifluoromethy-
lation product in 44% yield as the major product, in contrast to the reaction in a
CH,CN/H, 0 cosolvent system, which afforded the bis-trifluoromethylation product
(Scheme 2.10) [21].

Although many electrochemical perfluoroalkylations of alkenes have been
reported, reactions of alkynes are extremely rare. Dmowski and Biernacki reported
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o Na,CO;  FaC FoG  CFs FsC_  CFs
L o
+
FaC QH S Solvent S S S
(3 equiv) N 25\ Y sy
(O0) Pt electrode (O}Ne) 00 00
Solvent = H,O 44% 17% 29%
CH3CN/H,O 19% 32% 29%

Scheme 2.10 Solvent-controlled allylic trifluoromethylations.

the reaction of dimethyl acetylenedicarboxylate, affording an isomeric mixture of
bis-trifluoromethylated alkenes together with the tris-trifluoromethylated product
and polymers (Scheme 2.11) [21].

Na,COg3
j\ MeO,C (0.1 equiv) F.C CF;  MeO,C  CF,
FoC™ "OH = N\ CHiCNH,0 Me0,& COMe  F,d  COM
. 3 2 e, HiVie 3 Hlvie
(5 eqUIV) COZMe Pt anode 20-28%

Scheme 2.11 Reaction with alkyne.

Several types of apparatus for electrochemical trifluoromethylation have been
developed. In 2009, Kaurova’s group applied glassy carbon as the anode mate-
rial, instead of platinum, for the trifluoromethylation of ethylene, affording
1,1,1,6,6,6-hexafluorohexane (Scheme 2.12) [22]. Under these conditions, the glassy
carbon anode showed higher efficiency for the trifluoromethylation than a platinum
anode, which was considered to be due to reduced absorption on the carbon anode.
Grinberg used a Pt-10% Ir anode for electrochemical trifluoromethylation and
found that the rate of electrolysis of trifluoroacetate was four times faster than with
the platinum electrode [23].

(0] H
CF3CO5Na (0.1 equiv)
H 3 2
F3CJ\OH * %H Pl cr,
H CH3CN/H,O o
. Glassy carbon electrode 75%
1.3 equiv

Scheme 2.12 Reaction using glassy carbon electrode.

In 2014, Wirth and coworkers designed an electrochemical microflow reactor
for trifluoromethylation (Scheme 2.13) [24]. The reactor gave the trifluoromethyl
and difluoromethyl group-containing dimeric products from carboxylic acids and
alkenes within 69 seconds, although the batch reaction required 16 hours to obtain
a comparable result. In addition, very rapid amino-fluoroalkylation of methyl
methacrylate and bis-fluoroalkylation of acrylamides were performed with this
system.
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0 CO,Me
Py OMe EtsN (0.1 equiv) R 2
+ =z f
R OOH + Y CHSCN/H,0 Ry
(3 equiv) o CO,Me

Electrolysis, 28 mA/cm, 69 s
Electrochemical microreactor 52% (DL:meso =5 : 3)

Scheme 2.13 Rapid alkene perfluoroalkylation with an electrochemical microflow reactor.

2.2.1.2 Reaction of Aromatic Compounds

In contrast to perfluoroalkylations of alkenes, the reaction of aromatic compounds
with perfluorocarboxylic acids via electrolysis is less well studied. This is due to the
occurrence of undesired acetoxylation via radical cation formation of the aromatic
substrates in the electrooxidation, and thus Kolbe-type electrolysis of the carboxylic
acid fails in the usual cases (Scheme 2.14a). Exceptionally, in 1978, Grinberg et al.
demonstrated the trifluoromethylation of monosubstituted benzenes possessing a
trifluoromethyl or cyano group with trifluoroacetate in aqueous acetonitrile on a
Pt electrode (Scheme 2.14b) [25a]. Acetonitrile, used as the solvent, was found to
suppress oxidation of the substrate as well as the acetoxylation [25b]. Trevin and
coworkers investigated the trifluoromethylation of several aromatic compounds
possessing electron-withdrawing groups with trifluoroacetic acid by means of
preparative electrolysis using Pt electrodes in pure organic solvent [26]. Under
the nonaqueous conditions, pyridine as a base forming the trifluoroacetate salt
promoted the anodic trifluoromethylation.

R R
@ Undesired O
O e A
R * FaC)J\O_ <
- - OCOCF,4
Elect idati R ] R
ectrooxidation
(-e) @ N
Desired | * CO; |=C02 o
3
(b)
R CFCOk/ R
CF3;CO,H
bt | = R = CF5 36% (0-:m-:p- = 26 : 34 : 40)
CH3CN/H,0 X R = CN 62% (0-:m-:p- = 44 : 16 : 40)
Pt electrode CFs

Scheme 2.14 Aromatic trifluoromethylation: () problem in reaction development;
(b) trifluoromethylation of electron-deficient aromatic compounds.

2.2.2 Reactions Using XeF,

Some early examples of perfluoroalkylations with perfluorocarboxylic acids used
XeF, as an activator to generate perfluoroalkyl radicals. Eisenberg and DesMarteau
reported that xenon fluoride trifluoroacetate and xenon bis(trifluoroacetate),
which detonate when thermally or mechanically shocked, were prepared by the
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reaction of trifluoroacetic acid and XeF,. These compounds were found to give
hexafluoroethane via decomposition on standing at 23 °C [27]. Zupan and coworker
reported that in the course of studies on alkene fluorination using XeF, in the
presence of trifluoroacetic acid, styrene was transformed into trifluoromethylated
products together with fluorination products (Scheme 2.15) [28].

0,CCF,
o XeF, /K/CFg I _cF,
J\ (1 equiv) Ph o Ph o
P SR N 13% 5%
(1 equiv) CHCl, ¢ 0,CCF, F
oA pp AN g N 02CCF
15% 18% 4%

Scheme 2.15 Trifluoromethylation of alkene. in the presence of XeF,

In addition, diphenylacetylene gave 1-(trifluoromethyl)-2-(trifluoroacetoxy)-1,2-
diphenylethylene and 1-fluoro-2-(trifluoromethyl)-1,2-diphenylethylene, although
the yields were low. It was suggested that the reaction proceeds via trifluoromethyl
radical generation from xenon trifluoroacetate species. In 1988, Matsuo developed
an efficient perfluoroalkylation of electron-deficient and heterocyclic aromatic
compounds with perfluorocarboxylic acids promoted by XeF, (Scheme 2.16) [29].
More than 10 perfluoroalkylated products, including trifluoromethyl derivatives,
were synthesized in up to 72% yield. Popkov applied Matsuo’s conditions to the syn-
thesis of trifluoromethylated furan and thiophene derivatives in order to evaluate
their activity against phytopathogenic fungi in vitro [30].

0
Rf\ﬁLNH
0 XeF, |
)J\ /g (2 0 equiv) AcO N/&o
R "OH ToH,Cl ©
(3.0 equiv) iy 21 f] R¢= CF5 33%

OAc OAc Ri=CyF5 31%

Scheme 2.16 Perfluoroalkylation of heterocyclic aromatic compounds.

2.2.3 Reactions Using Copper and Silver Salts

Perfluoroalkylation with the aid of transition metals is more practical, not only
because of the ready availability of the chemicals but also because no special
equipment is needed. In particular, copper and silver salts have been frequently
used for the reactions, but these two transition metals tend to induce different types
of reactivity: ionic and radical types, respectively. Some examples are shown below.

2.2.3.1 Using Copper Salts
Cross-coupling-type perfluoroalkylations of pre-functionalized aromatic com-
pounds can selectively afford target molecules bearing a perfluoroalkyl group
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at a specific position of the aromatic ring, in contrast to the electrochemical
perfluoroalkylations of aromatic compounds mediated by perfluoroalkyl radicals.
In 1981, Kondo and coworkers achieved a convenient copper iodide-mediated
trifluoromethylation of aromatic halides with sodium trifluoroacetate, obtaining
the desired trifluoromethylarenes from aryl iodide and bromide in up to 88% yield
(Scheme 2.17a) [31, 32]. Suzuki independently reported a similar reaction using the
combination of sodium trifluoroacetate and copper iodide [33]. Chambers further
investigated the scope of the reaction under Kondo’s conditions; perfluoroalkyla-
tions using sodium pentafluoropropionate and heptafluorobutyrate were found
to be viable, and pentafluoroethylation of g-bromostyrene and 1-iodopentane, as
well as various aryl halides, was demonstrated (Scheme 2.17b) [34]. A nucleophilic
intermediate [CF,Cul]~ was proposed as the reactive species [35]. Kondo’s condi-
tions were also applied by Miller and coworkers [36] and Ammann and coworkers
[37], who synthesized trifluoromethylated aromatic compounds for evaluation of
their biological activity.

(a) 0 Cul (2 equiv)
Ar=X Ar—CF.
T RCTTONa w100 o
X =1orBr ’ Up to 88%
(b)
x-Br o) X CoFs
Cul
T CF )J\ON
25 a8  NMP, 160 °C 53%
0 Cul
/\/\/Br + )]\ P /\/\/C2F5
CoFs™ ONa  \yp, 160 °C

22%

Scheme 2.17 Cu-mediated decarboxylative coupling of (a) aryl halides with
trifluoroacetate; (b) f-bromostyrene and iodopentane with sodium perfluorocarboxylates
(NMP, N-methylpyrrolidone).

In 2013, Buchwald and coworker greatly enhanced the synthetic and practical util-
ity of the trifluoromethylation method using the combination of trifluoroacetate salt
and copper iodide by employing a flow system (Scheme 2.18) [38]. These condi-
tions showed excellent efficiency and substrate scope, and a diverse array of triflu-
oromethylated arenes and heteroarenes could be obtained in up to 96% yield with
only a 16 minutes residence time (t,).

There have been a few attempts to control the reactivity of copper perfluoro
carboxylates by using ligands. Vicic and coworkers prepared N-heterocyclic carbene
(NHC)—-copper-trifluoroacetate and -chlorodifluoroacetate complexes and exam-
ined their reactivity for trifluoromethylation of aryl halides (Scheme 2.19) [39].
(SIiPr)Cu(O,CCF,) greatly enhanced the yield of trifluoromethylation compared
to “ligandless” conditions using Cul and CF;CO,Na in aryl halide solvent (neat
conditions). In addition, (SIiPr)Cu(O,CCF,Cl) was found to be available as a
precursor for trifluoromethylation in the presence of CsF.
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Scheme 2.18 Application of a flow system to coupling-type trifluoromethylation.
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Scheme 2.19 N-heterocyclic carbene-ligand enhanced trifluoromethylation with copper
trifluoroacetate.

Weng and coworkers developed efficient trifluoromethylations with copper-triflu-
oroacetate and chlorodifluoroacetate complexes possessing diamine ligands:
1,10-phenanthroline (phen) and 2,2’-bipyridyl (bpy) (Scheme 2.20) [40].

The reaction of aryl iodide or heteroaryl bromide with well-defined [(phen)Cu(O,
CCF,)] in the presence of NaF as an additive afforded the desired trifluoromethy-
lated products (Scheme 2.20a) [40a]. Because the “ligandless” conditions previously
reported required a higher reaction temperature (160 °C) for the decarboxylation,
the ligand was considered to facilitate the reaction. Mechanistic studies indicated
that radical intermediates are unlikely to be involved in the reaction - instead a reac-
tive species with nucleophilic character was proposed. In addition, copper-perfluoro
carboxylate complexes [(phen),Cu](O,CR;) (R; = C,Fs, C,F,, C,F,, CF,;), as well
as the combination of [(phen)Cu(O,CCF;)] and Na,CO;, were found to show
sufficient reactivity in decarboxylative perfluoroalkylations of E-B-bromostyrenes,
affording the desired trifluoromethylated styrenes in up to 98% yield in a stere-
ospecific manner [40b]. Weng’s group reported trifluoromethylation of (hetero)aryl
iodide and bromides with a copper chlorodifluoroacetate complex (Scheme 2.20b)
[40c]; in the presence of NaOH and CsF, the reaction of aromatic halides and
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(a) =
N
! N NaF CF3
R_I + /CU_O R
I
~ N )—CFs DMF
~ | O 140 °C Up to 85%
—
phen

[(phen,)Cu](O,CRy)

X Br 1,4-Dioxane, 130 °C SP;"
i or
R @/\/ a @/\/
= [(phen)Cu(O,CCF3)] + Na,CO4

DMF/1,4-dioxane, 130 °C Up to 98%

(b)
[(bpy);Cul(0,CCF,Cl) | (PPYInCUCFs

NaOH, CsF o CF3
R —R
DMF, 75 °C R

(X=1,Br) Up to 99%

Scheme 2.20 Trifluoromethylations using diamine-copper complexes: reaction of (a)
copper-trifluoroacetate, (b) copper-difluorochloroacetate (DMF, N,N,-dimethylformamide).

[(bpy),Cu](O,CCF,Cl) gave trifluoromethylated products in excellent yield, via
difluorocarbene and subsequent formation of CuCF, species.

Chen and Liu employed Cu(O,CCF,SO,F),, which was decomposed in
N,N,-dimethylformamide (DMF) at room temperature to generate CF, car-
bene and fluoride, in the trifluoromethylation of aryl iodides and aryl bromide. The
reaction required a stoichiometric amount of additional copper metal in order to
form a reactive Cu!CF, intermediate (Scheme 2.21) [41].

e X Cu(O,CCF,SO,F),/Cu N CF,
L~ DMF, r.t. or 60 °C, 3 h N

(X=1,Br) Up to 99%

Scheme 2.21 Trifluoromethylation with Cu(0,CCF,SO,F),.

Although various trifluoromethylations with combinations of copper salts and tri-
fluoroacetate salts had been developed, a stoichiometric amount of copper salts was
necessary in almost all cases. To overcome this limitation, Li, Duan, and cowork-
ers developed a copper-catalyzed trifluoromethylation of aryl iodides with sodium
trifluoroacetate using Ag,0 as a promoter (Scheme 2.22) [42]. The use of copper
catalyst alone gave the trifluoromethylation product in low yield, but the addition of
Ag,0 dramatically improved the yield. Notably, the use of Ag,O alone did not give
any product at all.

Beside the cross-coupling-type trifluoromethylations, the combination of trifluo-
roacetate and copper salts could be used as an efficient nucleophilic reagent for addi-
tion reaction to carbonyl compounds, as reported by Chang and Cai (Scheme 2.23)
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Catalyst Yield
o) Cul (20 mol%) 17%
I )j\ Catalyst CFs cul (20mol%)/Ag,0 (10 mol%) 54%
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Scheme 2.22 Cu-catalyzed trifluoromethylation of aryl iodides. using Ag,0 as a promoter.

[43]. Not only aldehydes but also ketones, acetyl chloride, and phthalic anhydride
were available for this reaction.

j?\ % Cul (1 equiv) HO CF4

+ _—
R "R2 FsC~ "ONa  DMF,170°C  R' "R2
(4 equiv) ThenH™  yp 10 99%

Scheme 2.23 Nucleophilic addition of trifluoromethyl group to carbonyl compounds.

2.2.3.2 Using Silver Salts

Interestingly, an early example of perfluoroalkylations using silver salts was the
synthesis of multi-trifluoromethylated fullerene [44]. In 2001, Boltalina’s group
prepared mixtures of multi-trifluoromethylated fullerenes by solid-state trifluo-
romethylation with silver trifluoroacetate at 300 °C [45]. The silver salt could add up
to 22 trifluoromethyl groups to C60, although other metal trifluoroacetates such as
copper, palladium, and chromium salts could add only less than 8 trifluoromethyl
groups. Several multi-trifluoromethylated fullerenes, including isomers, were
independently characterized by means of nuclear magnetic resonance (NMR) and
mass spectroscopies by Boltalina and coworkers [46] and Taylor and coworkers
[47]. In 2007, Goryunkov and coworkers successfully determined the X-ray crystal
structures of some of them and discussed the observed isomeric distribution in
mixtures of C60(CF;), compounds up to n = 6 [48].

In 2015, Zhang and coworkers reported an electrophilic trifluoromethyla-
tion of aromatic compounds with trifluoroacetic acid by using a silver catalyst
(Scheme 2.24) [49]. The Ag,CO, catalyst was considered to facilitate the generation
of CF; radical from trifluoroacetic acid via decarboxylation, and then this radical
mediates aromatic trifluoromethylation. The resulting Ag(I) species is reoxidized
by K,S, 04, used as an additive.

Zhang’s conditions have been applied to several types of fluoroalkylations using
fluorine-containing carboxylic acids. Nielsen and coworkers performed a decar-
boxylative difluoromethylation of N-heteroaromatic compounds with difluoroacetic
acid (Scheme 2.25a) [50]. Wan, Hao, and coworkers reported an aryldifluoromethy-
lation of isocyanides with potassium difluoroarylacetate, affording phenanthridines
bearing an arylated difluoromethene motif (Scheme 2.25b) [51, 52]. Wan, Hao,
and coworkers [53] and Deng and coworkers [54] independently reported an
oxindole synthesis by the reaction of N-arylacrylamides with potassium difluo-
roarylacetate or its acid form in the presence of persulfate salts (Scheme 2.25c).
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Scheme 2.24 Silver-catalyzed electrophilic trifluoromethylation.

Hashmi and coworker employed ethynyl benziodoxolone, as the coupling part-
ner, in a decarboxylative aryldifluoromethylation with difluoroarylacetic acids
(Scheme 2.25d) [55].

(a) 0 AgNO;3 (50 mol%)
X K5S,05 (5 equiv) AN
|Het| + J | Het
N7 HF,C™ "OH CHZCN/H,0 NZ “CE.H
(2 equiv) 50 °C 2

(b)
O AgNO; (20 mol%)
EF (NH,4)»S,0g (2.0 equiv)
. X 4)29208
CO,K  KHCO;3 (0.5 equiv) N Ar

NC DMSO, MS4A, 80 °C
(2.5 equiv) FF
RZ
AgNO; (10 mol%) N
. F S,042 (2.0 equiv) |
R24 R F N-R!
Rg Ar Con
o M =K or H AT e Y
R—— 1—0 AgNO3 (25 mol%)
_ K5S,05 (2.0 equiv) Ar
— > R—=
X CO,H Acetone/H,O F

(1 .0 equiv) 50 °C

Scheme 2.25 Silver-catalyzed fluoroalkylations with various fluorinated carboxylic acids.
DMSO0, dimethylsulfoxide; MS4A, molecular sieves 4A.

2.2.4 Photochemical Reactions

In 1993, Mallouk and Lai developed a photochemical approach for trifluoromethy-
lation with silver trifluoroacetate, in which TiO, was used as a photocatalyst for
trifluoromethylation of aromatic compounds (Scheme 2.26a) [56]. The TiO, cata-
lyst promotes photolysis of trifluoroacetate to generate trifluoromethyl radical. In
2017, Su, Li, and coworkers developed a new catalytic system using Rh-modified
TiO, nanoparticles for photochemical trifluoromethylation with trifluoroacetic acid
in the presence of Na,S,0y4 as an additive (Scheme 2.26b) [57].
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Scheme 2.26 Photochemical trifluoromethylation using TiO,.

Not only simple arenes but also N-containing heteroarenes were available, afford-
ing the desired products in modest to good yields. Very recently, Hosseini-Sarvari
and Bazyar achieved a photocatalytic trifluoromethylation using sodium trifluo-
roacetate under blue LED irradiation in the presence of Au-modified ZnO catalyst
(Au@ZnO core-shell nanoparticles) (Scheme 2.27) [58]. Au@ZnO could catalyze
not only aromatic trifluoromethylation but also coupling-type trifluoromethylations
of aryl halides as well as boronic acids under appropriate conditions.

CF3CO,Na (3 equiv)

(a) 0 0
- N/ Au@2ZnO (1.89 wt% Au) - N/
N K»S,0g (1.5 equiv), KF (3 equiv) N
Zﬁ ;) - ;\JI p~CFs
0“ >N~ N DMF/H,0, air N
|

Blue LED © ’Tj
49%
® B(OH) CF,CO,Na (3 equiv) c
2 Au@ZnO (1.89 wt% Au) s
R X or R S K5PO, (2 equiv), KF (3 equiv) R S
= = DMF/H,0, argon =~
X =1,Br Blue LED

Scheme 2.27 Au@ZnO-catalyzed photochemical trifluoromethylations.

Qing and coworkers developed a homogeneous photocatalytic system for
hydro-aryldifluoromethylation of alkenes with difluoroarylacetic acids by using
an iridium photoredox catalyst, Ir[dF(CF,)ppy],(dtbpy)]BF, (Scheme 2.28) [59].
Methoxybenziodozole (BIOMe) as an additive plays a crucial role in the catalytic
cycle; it accelerates photolysis of the carboxylic acid by forming a hypervalent
iodine intermediate possessing carboxylate as a ligand, and promotes turnover of
the photoredox catalytic cycle by oxidizing excited-state Ir'"" to Ir'V species. The
CF; radical generated by photolysis reacts with alkene and the resulting alkyl
radical affords the hydro-aryldifluoromethylated product via hydrogen abstraction
from N-methylpyrrolidone (NMP).

Zhu and coworkers also developed a photocatalytic fluoroalkylation of alkenes
bearing benzaldehyde or propenal functionalities on the side chain with fluorinated
carboxylic acids by using the combination of Ir-catalyst and the oxidant PhI(OAc),
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Scheme 2.28 Ir-photocatalyzed aryldifluoromethylation.

(Scheme 2.29) [60]. Cyclic ketones bearing fluoroalkyl groups, such as CF,Ar, CF,H,
and CF,Me groups, were obtained up to 90% yield.

cHO o MdF(CFoppyL(ctbpy)PFs 7 &

,:‘ E Py PhI(OAc), R

+
ZHQ]/ Ri” "OH DMAc, blue LEDs, 25°C . | ol
R

Z=0,C,N R; = CF,Ar, CF,H, CF,Me

Scheme 2.29 Carbo and heterocyclic ketone synthesis by Ir-photocatalyzed
carbo-fluoroalkylation of alkenyl aldehydes.

Recently, Gouverneur and coworkers developed a photocatalyst-free hydro-diflu-
oromethylation [61a] as well as -chlorofluoromethylation [61b] of simple alkenes
under blue LED irradiation (Scheme 2.30); the reactions were accomplished by
the use of a combination of fluorine-containing carboxylic acid and iodobenzene
diacetate.

o) H

PhI(OAC),
R/\ + —_— R
Rf)J\OH THF, blue LEDs R)\/ !

R;= CF,H, CHFCI

Scheme 2.30 Metal-free photochemical hydro-fluoroalkylations.

2.2.5 Other Methods

2.2.5.1 Hydro-Trifluoromethylation of Fullerene

A few exceptional reactions that do not fall into the categories described above
(2.1-2.4) have been reported recently and are introduced herein. In fullerene
trifluoromethylation reactions, silver trifluoroacetate was reported to show high
reactivity for installing multiple trifluoromethyl groups (see Section 2.2.3) [45-48].
Very recently, Garyunkov and coworkers achieved hydro-trifluoromethylation of
C60 (Scheme 2.31) [62]. In this work, C60 reacted readily with potassium or cesium
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trifluoroacetate in o-dichlorobenzene/benzonitrile at ¢.180 °C in the presence of a
crown ether, affording a [C60-CF;]M (M = K or Cs) intermediate. Treatment of the
intermediate with acid gave the hydro-trifluoromethylation product.

CFzCO,M
(M =KorCs)
Crown ether

o-Dichlorobenzene/
benzonitrile
Then H*

Scheme 2.31 Hydro-trifluoromethylation of fullerene.

2.2.5.2 Metal-Free Aryldifluoromethylation Using S,04%~

Persulfate (S,04%7) salts were reported to promote metal-free aryldifluo-
romethylations using aryldifluoroacetic acids (Scheme 2.32); in 2016, Wu and
coworkers reported an aryldifluoromethylation of ethynyl benziodoloxolone
with aryldifluoroacetic acids by using potassium persulfate in acetonitrile/H,O
cosolvent (Scheme 2.32a) [63]; in contrast to Hashmi’s conditions using silver
catalyst (Scheme 2.25d) [56], Wu’s conditions did not require any transition
metal catalyst. Zhang and coworkers developed an aryldifluoromethylation of
quinoxaline-2(1H)-ones with aryldifluoroacetic acid in dimethylsulfoxide (DMSO)
(Scheme 2.32b) [64]. In both studies, persulfate salts were considered to oxidize the
carboxylic acids and to generate the corresponding reactive difluorobenzyl radical
via oxidative decarboxylation.

(a)

R——1—0 K,S,04 (10 equi
EE 25,04 (10 equiv) Ar
+ R—=
© ArXCOQH CHACN/H,0 F,\F
55°C o
(1.1 equiv) Up to 93%
() R F
N N
+ AI’%OH _—
N (6] A DMSO, 60 °C N 0
R R
Up to 82%

Scheme 2.32 Metal-free aryldifluoromethylation using 52082* as an oxidant.

2.3 Perfluoroalkylation with Perfluorocarboxylic
Anhydride

Perfluorocarboxylic anhydrides are readily available and widely used perfluoroalkyl
sources for organic syntheses, like the carboxylic acids. However, it was initially not
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easy to use the anhydrides directly as perfluoroalkyl sources, although a few sec-
ondary reagents prepared from them were reported [2]. Recently, several methods
that are synthetically highly useful have been developed.

2.3.1 Reactions Using Perfluorocarboxylic Anhydride/Urea-H,0,

Brése and coworkers reported a radical perfluoroalkylation of aromatic compounds
by using a combination of perfluorocarboxylic anhydrides and urea-hydrogen perox-
ide; a mixture of 10 equiv of urea-hydrogen peroxide (urea-H,0,) and 20 equiv of the
carboxylic anhydrides generated diacyl peroxide in situ, and this reacted with arene
substrates (Scheme 2.33) [65]. In that work, 15 perfluoroalkylated compounds were
synthesized in up to 50% yield.

(CF3C0),0 (20 equiv)

/| Urea-H,0, (10 equiv) F3()4(/j\/
0 OBn CH,Cl,, 0 °C o) OBn

49%

Scheme 2.33 Aromatic perfluoroalkylation using perfluorocarboxylic
anhydride/urea-H,0,.

The group of Sodeoka and Kawamura independently developed perfluoroalky-
lations using diacyl peroxide generated in situ from anhydrides/urea-H,0O,, and
described various transformations, in particular bifunctionalization-type perfluo-
roalkylations of alkenes (Schemes 2.34 and 2.35) [66, 67]. Although the reactive
perfluoroalkyl radical could be generated via thermal fragmentation of the diacyl

@ [CU(CHACN),JPFs

R~ R
(10 mol%) NN

Allylic perfluoroalkyaltion
Up to 95% vyield (E/Z = ~8 : 2)

O O
Rf)J\ O)J\Rf
(4—10 equiv)
+ _— Rf)J\ o Rf
Urea-H,0, CH,Cl,

(1.2 equiv) N R
Diacyl peroxide T S/ II\I
(R¢ = CF3, C5F5, CF7) R = (CHy),NHTs _ Ts ' R
Amino-perfluoroalkyaltion
up to 93% yield
(b)
R~
jJ)\ )?\ Cu‘I(OOZCCI:C!/:a)2 R\/\/CFzCI e \/j\
CIF,C” 0~ “CF,ci  (10mol%) Uptoszss  DBU L
(5.0 equiv) R\/\ (E/Z=~9:1) Elimination
+ _—
Urea-H,0, CH.Cl, Pyridine
(1.5 equiv) (2 equiv) AIBN

N

CHClp 25°C N CF,Cl BUsSTH 177 cE 4
/ /
TS 51%

S
Reduction

Scheme 2.34 Cu-catalyzed perfluoroalkylations of alkenes. DBU,
1,8-diazabicyclo[5.4.0Jundec-7ene; AIBN, 2,2'-azobis(isobutyronitrile).
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peroxide, heating of a mixture of alkene and in situ-generated diacyl peroxide gave
a complex mixture. They hypothesized that reactivity control of the alkyl radical
formed by the reaction of alkene with perfluoroalkyl radical would be the key
to a successful reaction [68a—c]. First, catalytic control using copper catalyst was
demonstrated; when a catalytic amount of [Cu(CH,;CN), ]PF,] was added to a mix-
ture of substrate and the peroxide, not only the selectivity but also the conversion
was dramatically improved, affording allylic perfluoroalkylation products in up to
95% yield (Scheme 2.34a) [68al].

(@)

)J\ )J\ Urea-H,0, (1.2 equiv) Q R~

_ CH,CI, or CH,Cl,, 40 °C or \
4 10 eq“"’) 1,2-Dichloroethane (DCE)  DOB. 60 °C Y
Ry = CF3, C,Fs, C5F, CF,Cl Y=C,N,SO,NH UP1099%yield
RCO, R

(b)

Ry

R
Urea-H,0O Ar
)J\ )J\ 2 5 eql.2,llv)2 Ar/& R l /:)xy-perfluoroalkyaltion

R
Ry Ar'® f
(1 0 equw) COH2C|2 CT2C|2 \ R
0°C,1h 40°C,1h . f
Carbocation N

A
Amino-perfluoroalkyaltion

Scheme 2.35 Metal-free alkene perfluoroalkylations: (a) carbo-perfluoroalkylation of
aromatic alkenes; (b) bifunctionalization-type perfluoroalkylations of styrenes.

In addition, alkenes bearing a pendant sulfonamide group efficiently gave a
wide variety of intramolecular amino-perfluoroalkylation products: perfluoroalkyl
group-containing aziridines and pyrrolidines [68b]. In particular, the aziridine
product proved to be a good building block; it was derivatized to various amines,
including indole alkaloid analogs. Furthermore, their group developed allylic and
amino-chlorodifluoromethylations of alkenes, in which the use of Cu(0,CCF,), as
the catalyst with pyridine additive was found to improve the yield (Scheme 2.34b)
[68c]. The chlorodifluoromethyl group of the products was transformed into
difluorodiene, difluoromethyl-, or trimethylsilyldifluoromethyl groups in order to
confirm the utility of these products as synthetic building blocks.

They also performed metal-free perfluoroalkylations by using perfluorocarboxylic
anhydride/urea-H,0,, focusing on the structure of the substrates (Scheme 2.35).
When an alkene bearing an aromatic ring at an appropriate position of the
carbon side chain was reacted with in situ-generated diacyl peroxide, intramolec-
ular carbo-perfluoroalkylation via radical cyclization occurred (Scheme 2.35a)
[68a—c].

This method provides simple access to benzo-fused carbo- and heterocyclic prod-
ucts in excellent yields. Notably, switching from amino- to carbo-perfluoroalkylation
of the same substrate, e.g. N-tosyl allylamine, by the removal of copper catalyst
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remarkably increased the diversity of available perfluoroalkylated molecules.
Furthermore, styrene derivatives were found to undergo bifunctionalization-type
perfluoroalkylation, oxy- and amino-perfluoroalkylations, via a carbocation, which
is a rare intermediate under metal-free conditions (Scheme 2.35b) [68d]. Mecha-
nistic studies suggested that the unique redox properties of the peroxide reagent,
styrene, and the radical cation formed accounted for the extraordinary carbocation
formation under metal-free conditions.

2.3.2 Photocatalytic Reactions Using Perfluorocarboxylic
Anhydride/Pyridine N-oxide

Stephenson applied photochemistry to perfluoroalkylation using perfluoro-
carboxylic anhydrides (Scheme 2.36) [68], in which the perfluorocarboxylic
anhydride-pyridine N-oxide adduct is generated in situ as a reactive intermediate
[69]. The reaction was applicable to a diverse array of substrates, such as vinyl, aryl,
and heteroaryl compounds, and could be run on a kilogram scale by the use of a
flow system. Their conditions are also available for chlorodifluoromethylation of
aromatic compounds with chlorodifluoroacetic anhydride. In addition, the reaction
of alkyne was found to give gem-difluoroenones via oxy-chlorodifluoromethylation
and subsequent elimination of chloride (Scheme 2.37).

Products

or + +

Heteroarene 70\N N Ru(bpy)3Cl2 (0.1-1 mol%), (R{CO),0 (1.1-4.1 equiv)
alkene @

pyridine N-oxide? or 4-Ph-pyridine N-oxide®
(1.0-4.0 equiv)
CH3CN 25-35 °C, blue LEDs

M\ CF,Cl
(j ", X, lmf, o e
E Boc

X =S 73%°
45% 59%P 54%% X = NBoc 75%? i 72% 78%*
CF,
CFs xCFs3 0 CFZCI
- CF,Cl
46%* NG 56%3** N @—N MeOC
from styrenes 26%0 : 69%2 45%P

Scheme 2.36 Photocatalytic reaction using anhydrides/pyridine N-oxides. a. With pyridine
N-oxide, b. With 4-Ph-pyrdine N-oxide, c. Stirred with MeOH on reaction completion, d.
Stirred with DBU on reaction completion.

Schaub and coworkers very recently reported a photocatalytic a-trifluoromethy
lation of aromatic ketones by using trifluoroacetic anhydride/pyridine N-oxide
(Scheme 2.38) [70].

The reaction proceeds via oxy-trifluoromethylation, which installs a CF,
group and trifluoroacetate on in situ-formed vinyl trifluoroacetate; the resulting
trifluoroacetyl-protected acetal was transformed upon workup to the trifluo-
romethylated ketone product.
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Scheme 2.37 gem-Difluoroenone synthesis by chlorodifluoromethylation of alkynes.

% Ru(bpy)3(PFg), (3 mol%) 0
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R _ Pyridine N-oxide (5.0 equiv)
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Scheme 2.38 Photocatalytic a-trifluoromethylation of aromatic ketones.

2.4 Summary and Prospects

We have reviewed developments in perfluoroalkylation reactions with perfluorocar-
boxylic acids and anhydrides as perfluoroalkylating reagents. Early work tended to
focus on methodologies for the generation of reactive species, such as perfluoroalkyl
radicals and perfluoroalkyl metal species, and their reactivities. More recent reports
have dealt with precise control of the reactivity of reactive intermediates and effi-
cient production of perfluoroalkylated molecules containing important skeletons as
candidate pharmaceuticals and functional materials. Based on the ready availabil-
ity of the perfluoroalkyl sources and the high synthetic utility of recently reported
reactions, we consider that perfluorocarboxylic acids and anhydrides will become
the first choice of perfluoroalkylating reagents for practical organic syntheses in the
near future.
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3.1 Introduction

Fluorinated compounds have during the last decades received considerable atten-
tion due to their specific properties, opening the way to new applications from mate-
rials to life sciences. This fascinating interest has contributed to the development of
new emerging groups with new characteristics. Merging the trifluoromethyl group
with chalcogens fulfills this objective since this association led to new substituents
with high lipophilicity.

However, despite such an interest the synthesis of molecules bearing these groups
remains challenging. In this chapter, the diverse methods and reagents used to per-
form CF;X chemistry will be described. A classification by reagents has been selected
with, at the top of each part, a report of reactivity types.

3.2 CF;0 Chemistry

With a Hansch-Leo lipophilicity parameter ny = 1.04 [1], specific electronic and
conformational properties [2], and high stability [3], the CF;O group has fascinated
fluorine chemists since several years. However, despite this high interest the synthe-
sis of CF;0O molecules remains one of the highest challenges in fluorine chemistry
[4]. Three strategies can be envisaged to achieve CF,0 molecules and in the follow-
ing parts, the more efficient and more recent approaches will be presented (more
specific methods could be found in recent reviews [4]).

3.2.1 De Novo Construction

3.2.1.1 Trifluorination of Alcohol Derivatives
Since the first synthesis of trifluoromethoxy-arene compounds in 1955 through a
halogen exchange between trichloromethoxy aromatic derivatives and anhydrous

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.

49



50| 3 Chemistry of OCF;, SCF;, and SeCF; Functional Groups

HF or SbF,/SbCl;, several methods using phenol derivatives and various fluorinat-
ing reagents have been described. However, from a practical point of view, only a few
methods are useful. In the aromatic series, fluorination of trichloromethoxy-arenes
or -heteroarenes and (Het)aryl dithiocarbonates appeared to be the favored
approaches (Scheme 3.1) [5]. In the aliphatic series, only dithiocarbonate fluorina-
tion gave rise to the expected products [5e-h, 6]. It is noteworthy that this method
is clearly more efficient with primary alcohol derivatives (Scheme 3.1).

OH O Sbc;'F/gtr:m o
N
R — CClg 2297 | g CFs
(20-80%) ey

HF/Py; DBH (30-95%)

(R = Ar, HetAr,
primary alkyl)

HF/Py—KHF,

s NBS or DBH
(R = secondary alkyl) CF
21-42% 3
R-OH —= R\O)J\SMe ez R-O
AN XtalFluor-E e
NFSI

(16-75%)
(R = Ar, HetAr)
(11-64%)

XtalFluor-E
Trichloroisocyanuric acid
H,0

Scheme 3.1 Construction of OCF; group.

3.2.1.2 Fluorination of Difluorinated Compounds
Difluoroether derivatives are often easier to obtain because of the availability of sev-
eral difluorinated reagents that can react with alcohols.

Thus, fluorination of bromodifluoroaryl ethers [7] and fluorodecarboxylation of
difluoroaryloxy acids [8] have been performed to obtain the corresponding trifluo-
romethoxy arenes (Scheme 3.2).

. | XN OCFgBr AgBF4
= (52-93%)
XeF,
(18—77%\‘

O~ _COH X OCFs
R_: X AgF, R _
~ FF AGF (20mol%)  (41-98%) 7

2,6-Difluoropyridine

Ag(l)(cat.)

90
Selectfluor (23-90%)

Scheme 3.2 Fluorination of difluorinated aryl ethers.



3.2 CF;0 Chemistry

3.2.2 Indirect Methods

The second strategy, which has been considered to synthesize CF,O molecules, is
the trifluoromethylation of alcohols or hydroxylated derivatives.

3.2.2.1 O-(Trifluoromethyl)dibenzofuranium Salts

Reactivity Nucleophilic Radical Electrophilic

CF,0-(dibenzofuran) K l a

To realize the electrophilic O-trifluoromethylation of alcohols, Umemoto designed
an O-(trifluoromethyl)dibenzofuranium salt. However, this reagent is not stable and
must be prepared in situ at very low temperature (Scheme 3.3) [9].

In situ prepared at —90 to —100 °C

RO-H RO-CF;4
o—Chloropyridine or (iPr),NEt
(R= awl,lk ) ~90t0—10 °C (11-85%)
primary alky

Scheme 3.3 Electrophilic trifluoromethylation of alcohols with Umemoto reagents.

3.2.2.2 Hypervalent lodine Trifluoromethylation Reagents

Reactivity Nucleophilic Radical Electrophilic

CF,-iodine(III) 24 ) a

Another well-known family of reagents used to perform electrophilic trifluo-
romethylation has been developed by Togni, based on hypervalent iodine-(III)
derivatives. In specific conditions, these reagents are able to trifluoromethylate
aliphatic alcohols to lead to the corresponding CF,O compounds (Scheme 3.4)
[10]. In aromatic series, only a-hydroxy N-heteroaromatics have been successfully
trifluoromethylated (Scheme 3.4) [11].

These reagents have been also used to trifluoromethylate sulfonic acids [12], phos-
phates [13], and N-aryl hydroxylamines (Scheme 3.4) [14].

3.2.2.3 CF,SiMe,

Reactivity Nucleophilic Radical Electrophilic

CF,SiMe, " " o
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RO-H
P RO-CF3
n
ROH as solven% c2)r CDClg (2-81%)

ISERN AN
R A,
SN

OH R:::’\| =
CH3NO,, 100 °C RN N/ o/CF3
(23-78%)
RSOzH
RSO5;-CF3
(32-90%)
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(RO),P(O)OH RO\,P\ _CF,
RO O
(21-44%)
R1 RZ
N 1 2
OH R\N/R
|
¢
or CS,COg (10 mol%) O\CFS
or TfOSiMe,, tetramethylguanidine o
or EtgN s (14-97%)

Scheme 3.4 Electrophilic trifluoromethylation of OH with Togni reagents.

Although initially developed as a nucleophilic trifluoromethylating reagent, this
reagent has been successfully used under oxidative conditions to trifluoromethylate
alcohols. This reaction requires a silver salt and various oxidants, fluoride anion
sources, and some other additives to circumvent undesirable side reactions. Despite
this complex reactive mixture, interesting results are generally observed even with
some elaborated molecules (Scheme 3.5) [15].

RO-H RO-CF3
R = Ar: AgOTf, 2-fluoropyridine, Selectfluor, NFSI, o
CsF, 2,4-di-tert-butylphenol, TfOH (28 92 A))
PhCF4/PhCHg (2 : 1)

R = alkyl: AgOTf, 2-fluoropyridine, Selectfluor, KF,

2,4-di-tert-butylphenol
EtOAc

Scheme 3.5 Oxidative trifluoromethylation of alcohols with CF;SiMe;.

3.2.3 Direct Trifluoromethoxylation

Among the different methods to prepare trifluoromethyl ethers, direct trifluo-
romethoxylation (i.e. formation of the C—OCF, bond) appeared to be a promising
alternative to trifluoromethylation of alcohols or derivatives, or de novo syn-
thesis. Therefore, a series of reagents have been developed to perform direct
trifluoromethoxylation reactions through different pathways.
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3.2.3.1 Difluorophosgene and Derivatives

Reactivity Nucleophilic Radical Electrophilic

0—CF, o " "

Historically, difluorophosgene represents one of the first reagents used to perform
trifluoromethoxylation, although it is a gaseous and toxic compound. Actually, an
equilibrium (Scheme 3.6) exists between difluorophosgene and fluoride anion on
one hand and trifluoromethoxide anion on the other [16]. Taking advantage of such
equilibrium, a few trifluoromethoxide salts have been prepared [17]. In addition,
a few examples of nucleophilic substitution involving these salts preformed in situ
[18], or isolated (see Section 3.2.3.4), have been reported. Similarly, a procedure
involving triphosgene and potassium fluoride was reported for the preparation of
ex situ difluorophosgene [19] and its use as precursor of trifluoromethylbenzoate
(TFBz), a new trifluoromethoxylating reagent (see Section 3.2.3.6) [19b].

F
=0 +¢© X
e +F — CF30

Scheme 3.6 Equilibrium between difluorophosgene/fluoride and trifluoromethoxide
anion.

3.2.3.2 Trifluoromethyl Hypofluorite and Derivatives

Reactivity Nucleophilic Radical Electrophilic

CF,0X a a R

Trifluoromethyl hypofluorite (CF;OF) can also be considered among the earliest
reagents available to perform direct trifluoromethoxylation. However, its toxicity
and potential explosiveness considerably restrict its use [4c, 20]. Nevertheless, it has
been used to introduce the trifluoromethoxy moiety into not only alkenes and arenes
but also carbohydrates or aziridines [4c, 20b]. From a mechanistic point of view, radi-
cal pathways, as well as concerted electrophilic fluorination-trifluoromethoxylation
can occur. In addition to trifluoromethyl hypofluorite, analogs such as trifluo-
romethyl hypochlorite (CF,;OCI) or bis(trifluoromethyl)peroxide (CF;O0CF;) have
seldom been used [4c].

3.2.3.3 Trifluoromethyl Triflate (TFMT)

Reactivity Nucleophilic Radical Electrophilic

CF,S0,0CF, o " "
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Trifluoromethyl triflate (TFMT) is a commercially available reagent that can be con-
sidered as a source of trifluoromethoxide anion [21]. Indeed, its reaction with various
nucleophiles [22], especially with fluoride salts, furnished trifluoromethoxide salts
that can be used as trifluoromethoxylating reagents. Moreover, this anion could be
involved in trifluoromethoxylation reaction without prior isolation (Scheme 3.7).

RX R-OCF,
TBAT or AgF o & / 2-84%
ICFSO M 0 (a)
—
RCOX R™ "OCF;
RL_COpR? 29-52%
LE RH/COQRZ
AgF OCF3 (b)
i 27-94%
Q=N
A
CF4S0,0CF, 0% ©
MF

o @
CFs:0 M  (d)
81-99%

Scheme 3.7 TFMT as nucleophilic trifluoromethoxylating reagent.

Indeed, activation of TFMT with silver fluoride or tetrabutylammonium triph-
enyldifluorosilicate (TBAT), followed by reaction of the resulting trifluoromethoxide
salts with alkyl halides or benzoyl halides [23], allows preparing the correspond-
ing trifluoromethyl ethers (Scheme 3.7a). These reactions appeared to be limited to
primary or activated secondary alkyl iodides or bromides and extension to alkyl chlo-
rides appeared difficult as only benzyl chlorides were converted in modest yield [23].
Nevertheless, this approach was applied in the preparation of a-trifluoromethoxy
1-(2-furyl)ethanone, up to 50 g scale [24]. Similarly, cesium fluoride was used to acti-
vate TFMT during the preparation of a-trifluoromethoxyacetophenone [25]. Benzoyl
bromide and allyl chloroformate were also converted into their corresponding triflu-
oromethoxy derivatives [23]. Trifluoromethoxylation of a-diazoesters [26] was also
performed using TFMT as trifluoromethoxide anion source through a nucleophilic
process (Scheme 3.7b). It should be noted that trifluoromethoxylation of a-diazo
vinyl esters occurred on the y position with C—C double bond migration. Inter-
estingly, preformation of the trifluoromethoxide anion was not necessary as better
yields were achieved when TFMT was added to a solution containing a-diazoesters
and silver fluoride. In addition to fluoride anion, silver is also required as almost no
product was observed without any silver salts.

An alternative strategy was developed using heterocyclic N-oxides as activators as
well as electrophiles. In such a process, these substrates are able to activate TFMT,
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leading to more electrophilic heterocycles (N-triflate cations) as intermediates,
which react further with the trifluoromethoxide generated during the activation
step [27]. Quinolines and phenanthridines were thus trifluoromethoxylated with
moderate to good yields (Scheme 3.7c).

In addition, TFMT could be considered as a precursor of trifluoromethoxide salts
(Scheme 3.7d) [16, 28], which could themselves be used as trifluoromethoxylating
reagents.

3.2.3.4 Trifluoromethoxide Salts Derived from TFMT or Difluorophosgene

Reactivity Nucleophilic Radical Electrophilic

CF,OM o " "

As mentioned earlier, TFMT and difluorophosgene were used to prepare tri-
fluoromethoxide salts. However, one of the main difficulties in handling triflu-
oromethoxide salts is their low stability [16] due to the equilibrium between
the trifluoromethoxide anion and gaseous difluorophosgene and fluoride
anion (Scheme 3.6). Thus, only some salts could be isolated in solid state,
for example, cesium or tris(dimethylamino)-sulfonium trifluoromethoxide
(TAS-OCF;) [28a, b, d]. Nevertheless, these “isolated” salts remain highly sensitive.
Concerning silver trifluoromethoxide, one of the most popular salt claimed as
trifluoromethoxylating reagent, it should be noted that it was isolated in solution
in acetonitrile, stored at low temperature (—20°C) in darkness in the procedures
reported [16, 28c, e]. Actually, such salts are usually prepared just before their use
as trifluoromethoxylating reagent. Finally, it should be noticed that except for the
trifluoromethoxylations of some alkyl halides [17c, 29], methods described below
are based on use of trifluoromethoxide salts prepared from TFMT.

Trifluoromethoxide salts were found to be able to convert alkyl bromides, iodides,
or triflates into the corresponding trifluoromethyl ethers in moderate to good yields
[17c, 28a, 29]. Alternatively, benzyl and alkyl alcohols have been used as starting
material in dehydroxytrifluoromethoxylation (Scheme 3.8) [30]. In such reaction,
the developed system based on triphenylphosphine, 1,2-diodoethane in DMF acti-
vates the alcohols, to perform rapid trifluoromethoxylation within 15 minutes.

AgOCFj3 (4 equiv)
PPh, (1.4 equiv)

1CH,CH, (1.4 equiv)
ROH ROCF;

DMF, 80 °C 38-76%

Scheme 3.8 Dehydroxytrifluoromethoxylation of alcohols.

While nucleophilic aromatic substitution failed (only fluoroaryls were observed),
two examples of trifluoromethoxylation of arynes were reported (Scheme 3.9a)
[28a]. However, a mixture of fluoro and trifluoromethoxy products or a mixture of
regioisomers was obtained. A more convenient access to aryl trifluoromethyl ethers
was achieved thanks to a silver-mediated trifluoromethoxylation of aryl stannanes
or arylboronic acids using tris(dimethylamino)-sulfonium trifluoromethoxide
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(TAS-OCF,;) as trifluoromethoxylating reagent (Scheme 3.9b,c) [28b]. While aryl
stannanes can be converted into the desired ethers in one step, sequential steps are
required when aryl boronic acids are used as starting material. These latter ones have
to be transformed into their corresponding aryl silver complexes prior to the triflu-
oromethoxylation step. The reaction proved to be efficient for a broad range of sub-
stituted arenes with the exception of basic substituents such as amines or pyridines.
In addition, aryl trifluoromethyl ethers can be synthesized via Sandmeyer-type
reactions involving aryl and heteroaryl diazonium salts and AgOCF; in excess as
trifluoromethoxylating reagent (Scheme 3.9d) [31]. Best yields were obtained for
substrates bearing an electron-withdrawing group at the meta position. An Sgy1
mechanism was proposed for this additive-free trifluoromethoxylation. Of note, a
combination of silver fluoride and TFMT could be used in such transformation.

/
OoTf N/
. =N ]
SiMe; [N>®_\ CF30
\

CH3CN/Et,0 1/1
0-20 °C

TAS.OCFj3 (2.0 equiv)
F-TEDA-PFg (1.2 equiv)
AgPFg (2.0 equiv)
NaHCOg3 (2.0 equiv)

ArSnBuj
THF/acetone (1/3) (b)
-30°C 59-88%
Ar(Het)OCF4
NaOH (1.0 equiv)
MeOH, 15 min, 23 °C 63-76% ©
then AgPFg (2.0 equiv), 30 min, 0 °C
ArB(OH),

then TAS.OCF3 (2.0 equiv)
F-TEDA-PFg (1.2 equiv)
NaHCOg3 (2.0 equiv)
THF/acetone (1/3), —30 °C

AgOCFj; (5.0 equiv)

MeCN
—-40°Ctor.t.

® O
Ar(Het)N, ~BF4

Scheme 3.9 Aryl trifluoromethyl ethers preparation with trifluoromethoxide salts.

To circumvent the low-stability issues of the trifluoromethoxide anion, Liu and
coworkers developed high-valent palladium-catalyzed reactions. Indeed, with
such high-valent intermediates, the reductive elimination is more favored than
p-fluoride elimination. Such strategy has allowed developing intramolecular amino
trifluoromethoxylation of unactivated alkenes to prepare trifluoromethoxylated
piperidines via reductive elimination of a Pd'™VOCF, intermediate (Scheme 3.10a)
[28c]. Initially developed as achiral synthesis, an enantioselective version was
reported using the more stable CsOCF, instead of AgOCF; as trifluoromethoxy-
lating reagent [32]. This replacement was crucial in that context as the ee values
were 9% and 79% with AgOCF, and CsOCF;, respectively. These ee values were
finally increased thanks to the design of a specific Pybox ligand bearing a ster-
ically bulky ortho substituent. The intermolecular di-trifluoromethoxylation of
unactivated alkenes is another reaction developed thanks to PA(IV) intermediates
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Figure 3.1 Well-defined silver Ar
trifluoromethoxide complexes. ,\i
] ,OCFg
o ;

Ar PhtBu,P  OCF4
With Ar = 2,6-Pr-CgHg

(Scheme 3.10b) [28¢]. However, in addition to the di-trifluoromethoxylated product,
a Wacker-type product was observed as side product in that reaction.

AgOCFj3 (3 equiv) CsOCF3 (4 equiv), L (15 mol%)
R! R2 Pd(CH3CN),Clo (10 mol%) or  Pd(CH3CN),Cly (10 mol%) R2 OCF
Selectfluor-BF 4 (2 equiv) Selectfluor-BF 4 (2 equiv) 3
AN NHZ R (@)
CH3CN/THF (3/5) CH3CN/CHCl, (1/5)
—20°C -30°C
30-82% yield 4-88% yield Z
ee up to 87%
AgOCFj3 (7.5 equiv)
Pd(iPrCN),Cls (15 mol%)
2,6-Difluoropyridine (75 mol%) OCF3
Selectfluor-OTf (3.0 equiv.
Tf,0/iPrCN/CHZCN
—20°C 38-77% yield

CsOCF;3 (3.5 equiv)
PdCl,(PhCN); (15 mol%)
Benzoquinone (20 mol%)
AgBF4 (1.2 equiv), AgF (1.5 equiv) X
ANF A" " 0CF,
MeCN/THF (1/1) r.t.

(©
40-82% yield

Scheme 3.10 Palladium-catalyzed trifluoromethoxylations of alkenes.

In a different strategy, AgOCF, was generated slowly from the more stable and
less soluble CsOCF, to perform a catalytic allylic C-H trifluoromethoxylation of
alkenes through a Pd°/Pd" catalytic cycle at room temperature (Scheme 3.10c)
[28d]. Silver fluoride was used here as additive to the combination of AgBF, and
CsOCF,; to slow down decomposition of the trifluoromethoxide anion, and addition
of 2,4,6-trimethylbenzoic acid accelerates the key allylic C-H activation step. Thus, a
series of (E)-allylic trifluoromethyl ethers were prepared in moderate to good yields.

In addition to these salts, well-defined silver trifluoromethoxide complexes were
prepared starting from TFMT as the trifluoromethoxide anion source (Figure 3.1)
[33]. These isolated complexes were able to perform trifluoromethoxylation of ben-
zyl bromide derivatives [33a] and secondary alkyl nosylates [33b] without any addi-
tives. Interestingly, such reaction was found to be stereoselective, given access to
enantioenriched trifluoromethyl ethers [33b].

3.2.3.5 Trifluoromethyl Arylsulfonates (TFMSs)

Reactivity Nucleophilic Radical Electrophilic

ArSO,OCF, o o "
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More recently, a new class of trifluoromethoxylating reagents has been developed
by P. Tang and coworkers: trifluoromethyl arylsulfonates (TFMSs) [12b]. Actually,
TFMSs present a structural analogy with TFMT, which allows the liberation of the
trifluoromethoxide anion thanks to S—O bond cleavage. In addition, the trifluo-
romethyl group of TFMT is replaced by a heavier and less electron-withdrawing aryl
group in TFMS, which can be a way to decrease their volatility and to modulate
their reactivity, and thus to facilitate their handling. Their synthesis (Scheme 3.11)
[12b] is based on the key electrophilic trifluoromethylation of sulfonic acids (see
Section 3.2.2.2) with hypervalent iodine reagents (namely Togni’s reagents) [12].

R' R2
RSi(OEt)s (1 equiv) © @ "4_ " o (1eau) B
e a R R
ROCF, i '
9-66% AgF (4 equiv) AgF (30 mol%), CsF (2 equiv) OCF3
Selectfluor (3 equiv) DBDMH (1 equiv)
Phen-type ligand (0.3 equiv) (DHQD),PHAL (10 mol%)
MeCN/CHClp, 25 °C MeCN/CH,Cl,, 25 to —20 °C 39-95%
R1
(1 equiv) .
OCFs Ar)\R2 (f) (b) ROH (1 equiv)
Ar”I>R2 K280 or F-TEDA-OTI (3 equiv), CsF (2.5 equiv) ROCF,
=Y [AgOTf (30 mol%), CsF (4 equiv)] Me4NBr (0.5 equiv) 30-87%
o or AgF» (6 equiv), HMPA/DMA, 30-100 °C °
28-69%
phen-type
or Bipy-type ligand (5—-20 mol%),
DMC, 25 or 50 °C
ArSO5CF; (1) Dioxane, H,0, 100 °C ArSOLCl
; I 2
(2-5.5 equiv) 80-90% F3QI
@ jo
oTf S
N SiMeg
__ocF AN ? @ AL T (roqu !
Ar R Z
R Zhdankin reagent (5 equiv) KF (4 equiv), C4Fgl (6 equiv)
28-80% Ru(bpy)s(PFe)2 (1 mol%) cis-DCy-18-C-6 (2 equiv) OCF3
° AgF (50 mol%), tBuatpy(30 mol%) DMC, 60 °C 44-71%
14 W Blue LED, MeCN, 10 °C
0
[©) .
AOCE A, ©BF, (h) Q) R(L Voo (1equv) OH
r
03 Ru(bpy)s(PFe)2 (1 mol%), SalenCoDNP (10 mol%) R OCF;
27-81%  CuOT (1 equiv), CsF(2 equiv) BUN*DNP-(10 mol%)
MeCN, 25 to —40 °C MeCN, rt. R2
14 W Blue LED 45-95%

Scheme 3.11 Synthesis and reactivity of TFMS.

TFMS can act as a nucleophilic trifluoromethoxylating reagent to perform a series
of reactions. The reaction initially developed (Scheme 3.11a) was an asymmetric
silver-catalyzed bromo trifluoromethoxylation of alkenes [12b]. In such process, an
electrophilic bromine source activates the alkenes to form a reactive bromonium
intermediate that could trap the trifluoromethoxide anion released in parallel by
the reaction of TFMS with cesium fluoride. Best results in terms of regioselec-
tivity were achieved with trisubstituted alkenes or benzylic alkenes. In addition,
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dimeric cinchona alkaloid (DHQD),PHAL was used as chiral ligand to obtain
enantioenriched vicinal bromo trifluoromethoxylated compounds. Following this
first report, several reactions still based on TFMS activation by fluoride anion
have been developed to introduce the OCF,; moiety. In that context, dehydrox-
ytrifluoromethoxylation of alcohols (Scheme 3.11b) furnished the corresponding
trifluoromethyl ethers through the intermediate formation of fluoroformates [34].
Indeed, the latter ones are the products of the reaction of alcohols with difluo-
rophosgene generated by degradation of part of the trifluoromethoxide anion, itself
released by TFMS. Then, the trifluoromethoxide anion reacts with fluoroformates,
a good leaving group, to form the desired trifluoromethyl ethers. Primary benzylic,
propargylic, allylic, as well as some secondary alcohols were thus transformed
in moderate to good yields. Inspired by previous reports about aryne chemistry
[19b, 35], a simultaneous activation of TFMS and 2-(trimethylsilane)phenyl trifluo-
romethane sulfonate by potassium fluoride in the presence of crown ethers, and an
iodide donor to trap the intermediate aryl anion, led to the formation of o-iodoaryl
trifluoromethyl ethers (Scheme 3.11c) [36]. Nevertheless, the fluoride requirement
could be considered as a limitation. For example, ring opening of epoxides could
occur in the presence of fluoride anions. Therefore, TFMS activation by the axial
anions ArO~ of cobalt complexes SalenCoOAr was developed in order to perform
trifluoromethoxylation of epoxides (Scheme 3.11d) [37]. With the optimized
conditions in hand, meso-epoxides as well as racemic epoxides were converted into
vicinal trifluoromethoxyhydrins with good yields and regioselectivity. Moreover,
one example of stereoselective trifluoromethoxylation of epoxide was reported as
well as one example of an enantioselective transformation. Nevertheless, it could be
noticed that a limitation appeared with styrene epoxide in terms of regioselectivity.

In addition to these nucleophilic trifluoromethoxylations, radical processes can
be involved in reactions based on TFMS as the trifluoromethoxylating reagent.
Such mechanism was proposed to describe the silver-mediated oxidative trifluo-
romethoxylation of alkylsilanes by TFMS (Scheme 3.11e) [38]. To perform such
reactions, Selectfluor was chosen as oxidant while silver fluoride was the mediator
as well as fluoride source. Although quite good yields were obtained with primary
alkylsilanes, yields remained low with secondary ones. TFMS was also involved in
a silver-promoted oxidative benzylic C-H trifluoromethoxylation (Scheme 3.11f)
[39]. The TFMS reagent was proposed to react with an in situ formed Ag'-F,
complex, which is thereafter converted into a new F—AgH—OCF3 complex. This
complex is then involved in a reaction with a benzylic radical to form the desired
trifluoromethyl ethers After vicinal bromo-trifluoromethoxy compounds [12b],
vicinal trifluoromethoxyhydrins [37], Tang and coworkers [40] succeeded in prepar-
ing vicinal azido-trifluoromethoxy compounds through a combination of silver
catalysis and ruthenium photoredox catalysis (Scheme 3.11g). As in the previous
methods, silver fluoride activates TFMS to generate a trifluoromethoxide silver
complex. In parallel, a ruthenium complex is excited by visible light irradiation
to form an active species, which is involved in a catalytic cycle where an azide
radical is formed intermediately and a benzyl carbocation is liberated as a product
of this first cycle. Finally, this carbocation reacts with the trifluoromethoxide silver
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complex to furnish the desired vicinal azido-trifluoromethoxy compounds. A dual
activation was also involved to perform the trifluoromethoxylation of diazonium
salts with TFMS as the trifluoromethoxylating reagent (Scheme 3.11h) [41]. Here,
cesium fluoride activates TFMS while a catalyzed photoredox reaction generates an
aryl radical that combined during a copper-mediated trifluoromethoxylation.

3.2.3.6 Trifluoromethylbenzoate (TFBz)

Reactivity Nucleophilic Radical Electrophilic

TFBz o 2 R

By analogy with the S—O bond of the sulfonic ester function of TFMT or TFMS,
the C—O bond of the ester function of TFBz can be cleaved to generate the
trifluoromethoxide anion. In that context, preparation of TFBz has been developed
via a specific procedure involving ex situ formation of difluorophosgene from
triphosgene, followed by, in the presence of potassium fluoride and crown ethers,
formation of a trifluoromethoxide salt, which is finally trapped by benzoyl bromide
to furnish the desired TFBz (Scheme 3.12a) [19b]. By analogy to trifluoromethy-
lation and trifluoromethylthiolation of arynes [35], the efficiency of TFBz as
trifluoromethoxylating reagent has been proved thanks to the synthesis of a series
of ortho-halogenated aryl trifluoromethyl ethers (Scheme 3.12b), involving aryne
intermediates [19b]. Moreover, some trifluoromethoxylation methods developed
with TFMT or trifluoromethoxide salts were applied to TFBz. Thus, trifluo-
romethoxylations of an alkyl iodide, a benzyl bromide, a-bromoacetyl derivatives,
or an arylstannane were described. Bromo trifluoromethoxylation of an alkene as
well as trifluoromethoxylation-protonation of an aryne were also performed [19b].
TFBz has also been proved to be a possible precursor of CsOCF, or AgOCF, salts
(Scheme 3.12c-f).

3.2.3.7 2,4-Dinitro(trifluoromethoxy)benzene (DNTFB)

Reactivity Nucleophilic Radical Electrophilic

DNTFB l K K

2,4-Dinitro(trifluoromethoxy)benzene (DNTFB) is an alternative commercial
reagent to introduce OCF; group. DNTFB is cheaper and easier to handle than
TFMT, which is volatile (boiling point [b.p.] = 21 °C) and highly sensitive to any
nucleophiles [42]. Similarly to esters and sulfonic esters such as TFMT, TFMS,
or TBz, DNTFB is activated by fluoride to generate trifluoromethoxide salts but
in contrast to previous reagents, an SyAr mechanism was implied here. Unfor-
tunately, the scope of DNTFB as trifluoromethoxylating reagent seems limited
as trifluoromethoxylation of only benzylic or allylic bromide occurs in 45-70%
yields (Scheme 3.13) [42]. Only small amounts (<10%) of trifluoromethoxylated
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Scheme 3.12 Preparation and reactivity of trifluoromethylbenzoate (TFBz).

products were observed with an unactivated alkyl iodide or an a-iodocarbonyl
compound.

NO,

on—S-ocr,
BuyN* PhgSiF,~
R Br —— R OCF,
MeCN, r.t. or 100 °C
R = Ar, allyl (45-70%)

Scheme 3.13 Trifluoromethoxylation based on DNTFB use.

3.2.3.8 (Triphenylphosphonio)difluoroacetate (PDFA)

Reactivity Nucleophilic Radical Electrophilic

PDFA a 2 2

(Triphenylphosphonio)difluoroacetate (PDFA), a reagent prepared from potas-
sium bromodifluoroacetate and triphenylphosphine (Scheme 3.14) [43], was
found to release difluorocarbene through a decarboxylation process. Recently,
this reagent was applied in a trifluoromethoxylation procedure (Scheme 3.14)
involving oxidation of difluorocarbene by diphenylsulfoxide to form intermediately
difluorophosgene [44]. In presence of silver fluoride, difluorophosgene is converted
into silver trifluoromethoxide, which could act as a trifluoromethoxylating reagent.
Therefore, such methodology allowed conversion of various primary as well
secondary benzyl bromides or iodides, primary allylic bromides, and primary alkyl
iodides into their corresponding trifluoromethyl ethers in moderate to good yields.
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Moreover, the scope was extended to the preparation of 1¥0-labeled trifluoromethyl
ethers starting from Ph,S='80 as oxidant.

Pth + BTCF2002K

Ph,S=0 (2.5 equiv)
AgF (2 equiv), Crown ether (0.5 equiv)
® [©) 2,2-Bipyridine (1.5 equiv)
PthCF2002 + RX ROCF3
THF, 60 °C
(2.5 equiv) (1 equiv) 13-72%

67% \ DMF, r.t.

Scheme 3.14 PDFA preparation and its use as trifluoromethoxylating reagent.

3.2.3.9 N-Trifluoromethoxylated Reagents

Reactivity Nucleophilic Radical Electrophilic
O-CF;-hydroxylamine @ (intermolecular) R R
N-OCF,-benzimidazole 24 l R
N-OCF,-benzimidazolium K l K
N-OCF,-pyridinium K l a

Interestingly, N-trifluoromethoxylated arenes, prepared from N-hydroxylamine
(see Section 3.2.2.2), are thermally sensitive as an intramolecular OCF, migration
occurs upon heating, leading to the formation of aryl trifluoromethoxylated ethers
[14b]. Moreover, a one-pot procedure involving trifluoromethylation of hydroxy-
lamine followed by an intramolecular trifluoromethoxylation step was developed
(Scheme 3.15). Extension of this strategy to trifluoromethoxylation of pyridines and
pyrimidines derivatives was successfully achieved [45]. In contrast to aryl-anilines,
no base and room temperature were required with pyridine or pyrimidine deriva-
tives. Mechanistic studies indicated that the trifluoromethylation step is a radical
process wherein a heterolytic cleavage of the N—OCF, bond, followed by a rapid
recombination of short-lived ion pair (nitrenium and trifluoromethoxide ions),
is involved in the intramolecular step [46]. Such mechanism opened the route to
photocatalytic trifluoromethylation of hydroxylamines using iodotrifluoromethane
instead of Togni reagents, followed by intramolecular migration of the trifluo-
romethoxy moiety as earlier. For that purpose, hydroxylamines and iodotrifluo-
romethane in the presence of potassium carbonate and a ruthenium photoredox cat-
alyst were irradiated by visible light to furnish the desired aryl trifluoromethyl ethers
(Scheme 3.15). One of the critical parameters of such reactions appeared to be the
temperature, which has to be decreased during the trifluoromethylation step [47].
Based on the weak N—OCF,; bond (BDE (bond dissociation energy) =
53.1kcal/mol), development of trifluoromethoxylating reagents able to undergo a
homolytic cleavage of this bond received attention [4g]. In order to perform radical
trifluoromethoxylation, the challenge was to get an O-centered radical after cleav-
age. Therefore, N-trifluoromethoxy-benzimidazole [48], benzotriazole [49], and
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Togni reagent Il (1.2 equiv)

X NaH (0-1.2 equiv)
RiL P R CH,Cly (or MeNOy), rt. or 120 °C 39-979% S
N/ R— . 1
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OH K2CO3 (3 equiv ), MeCN, —40 to 80 °C

OCF,

trifluoromethoxylation

O-Trifluoromethylation | N Intramolecular
R 1
= NG R

OCF4

Scheme 3.15 One-pot O-trifluoromethylation-intramolecular trifluoromethoxylation
reactions.

pyridinium [50] compounds were designed, synthesized (Scheme 3.16a-c), and then
applied in photoredox arene trifluoromethoxylations with success (Scheme 3.16d).
Indeed, a series of aryl trifluoromethyl ethers have been synthesized with a broad
functional group tolerance. However, one drawback of these methods remains
the lack of regioselectivity of such reactions. Concerning mechanistic details, the
photoexcitation of N-trifluoromethoxy benzimidazole derivative was required to
perform the reaction, which could be considered as a drawback in comparison to
N-trifluoromethoxy benzotriazole or pyridinium derivatives, which are involved in
a Ru-catalyzed single electron transfer (SET) step to generate the trifluoromethoxy
radical, which is thus catalytically and selectively generated.

An alternative synthesis of N-trifluoromethoxy pyridinium salts was reported
in a patent, using 2-trifluoromethoxy-2’-diazonium salts and the corresponding
pyridine N-oxides. In addition to these salt syntheses, the electrophilic trifluo-
romethoxylation of electron-rich arenes (Scheme 3.17) using N-trifluoromethoxy
pyridinium salts as reagent was claimed [51]. However, modest yields were reported
in the examples of this patent (trifluoromethoxylation of 2-naphtyl methyl ether,
naphtol, 1-bromo-4-methoxynaphtalene, and 1,4-dimethoxybenzene).

3.3 CF3;S Chemistry

The CF,S group possesses the highest lipophilicity parameter, with a Hansch-Leo
parameter ty = 1.44 [1]. This has certainly contributed to the renaissance and the
high development of the CF,S chemistry over the last 10years [4g, 52]. Conse-
quently, a lot of efficient methods have been developed and are now available in the
toolbox of organic chemists. In this part, we present a schematic view of the most
used (and easily available and easy to handle) reagents. For a detailed review and
other reagents, see Chapter 4 by Shen and coworkers in this book.

The synthesis of CF,S molecules can be mainly divided into two main approaches.

3.3.1 Indirect Methods

The first one is commonly called “indirect strategy,” consisting of using a tri-
fluoromethylating reagent and sulfur derivatives [52b, ¢, g]. In this topic, the
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Scheme 3.16 Photoredox arenes trifluoromethoxylations.

RN OsbFg
LN
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ArOR oFs £
R=Me, H Dichloroethane Z OCF5
7-50%

Scheme 3.17 Electrophilic trifluoromethoxylation of electron-rich arenes.

trifluoromethylation of thiocyanates (easy to synthesize) with Ruppert-Prakash
reagent (CF,SiMe,) remains the more efficient way [53]. Based on this method, a
one-pot method (thiocyanation then trifluoromethylation) has also been developed
[54] (Scheme 3.18).

3.3.2 Direct Trifluoromethylthiolation

The second strategy is the direct introduction of CF;S group onto organic sub-
strates. This direct disconnection of CF,S— bond is probably more intuitive
from a retrosynthetic point of view and more in accordance with late-stage
trifluoromethylthiolation strategies. That has certainly contributed to the huge
development of various very efficient reagents to perform such reactions [52].
Herein, only the most used (in term of literature references) have been graphically
summarized. For a detailed overview, see Chapter 4 by Shen and coworkers in
this book.
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(18-99%)
— NaSCN, Cs,COg3 Rox
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cat.
(30-99%) \(23—98%) Ar—N.* BE,~

(1) CuSCN, NaSCN, CsCO3 2 24
41-98%,
(1-98%) Ar—NH,
(1) TsOH, t-BuONO
(2) CuSCN, NaSCN
(3) Cs,CO4

Scheme 3.18 Indirect trifluoromethylthiolation.

3.3.2.1 CF;SAg, CF;SCu, CF;SNR,

Reactivity Nucleophilic Radical Electrophilic
CF,SM z ] z

Initially, nucleophilic trifluoromethylthiolation was developed. These reagents
have gained popularity in recent years, mainly due to their easy access
(CF,SiMe; +S; + M*F~) and their recent reactivity under oxidative conditions to
perform radical reactions. The major reactions developed with these reagents are
summarized in Schemes 3.19 and 3.20 [35b, 38, 55].

3.3.2.2 Trifluoromethanesulfenamides

Reactivity Nucleophilic Radical Electrophilic

CF,SN(R)R? @ & ]

Trifluoromethanesulfenamides are easily obtained from CF;SiMe;, (diethy-
lamino)sulfur trifluoride (DAST), and the corresponding amines. Several
derivatives of this family have been synthesized (R! = H or Me, R? = Ph/R! = H
or Me, R*> = SO,Tol/R! = H or Me, R? = SO,Ph-pNO,). Initially developed
as electrophilic reagents, an umpolung of the reactivity allowing nucleophilic
trifluoromethylthiolation has also been disclosed (Scheme 3.21) [56].
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Scheme 3.19 Trifluoromethylthiolation with CF;SM.

(26— 90%)

3.3.2.3 N-Trifluoromethylthiophthalimide

Reactivity Nucleophilic Radical Electrophilic

CF,SNphthalimide X a @
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Scheme 3.20 Trifluoromethylthiolation with CF;SM under oxidative conditions

This reagent is obtained from CF;SAg. Also developed initially as an electrophilic
reagent, its reactivity has been extended to radical process (Scheme 3.22) [56z, 57]

3.3.2.4 N-Trifluoromethylthiosaccharin

Reactivity Nucleophilic

CF,SNsaccharin K

Radical Electrophilic

7] 7]
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Scheme 3.21 Trifluoromethanesulfenamides reactivity.
Obtained from CF;SAg, this reagent has been designed as a more electrophilic ver-
sion of trifluoromethanesulfenamides (Section 3.3.2.2) [58]. Radical reactions have

also been performed with this compound (Scheme 3.23) [59].

3.3.2.5 N-Trifluoromethylthiobis(phenylsulfonyl)amide

Reactivity Nucleophilic Radical Electrophilic

CF,SN(SO,Ph), X ] a

Developed as a more electrophilic reagent than the previous ones, its preparation

also involves CF;SAg. Electrophilicity, and also radical reactivity, has been disclosed
(Scheme 3.24) [60].
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Scheme 3.22 Reactivity of N-trifluoromethylthiophthalimide.

3.4 CF;Se Chemistry

3.4.1 Introduction

Because of the success story of CF;0 and CF;S groups, the following chalcogen has
logically drawn attention. Selenium is a crucial trace element in human physiol-
ogy [61] and various applications in life sciences involved the use of selenolated
products [62]. Compared to OCF, and SCF,, SeCF, possesses slight differences in
terms of electronic and lipophilicity properties (Hansch-Leo lipophilicity parameter
ng = 1.29) [1, 63]. Modulation of these parameters is fundamental in the design of
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Scheme 3.23 Reactivity of N-trifluoromethylthiosaccharin.

agrochemicals and pharmaceutical compounds [64]. Thus, the chemistry of CF,;Se

has recently gained attention [65].

3.4.2 Indirect Synthesis of CF;Se Moiety

The first strategies developed to synthesize trifluoromethylselenolated molecules
were based on an indirect approach: formation of the CF,—Se bond. Tri-
fluoromethylation of selenolated substrates was performed using various

trifluoromethylating reagents.
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Scheme 3.24 Reactivity of N-trifluoromethylthiobis(phenylsulfonyl)amide.

3.4.2.1 Ruppert-Prakash Reagent (CF;SiMe;)

Reactivity Nucleophilic Radical Electrophilic

CF,SiMe, o " "

The Ruppert-Prakash reagent (trimethyl(trifluoromethyl)silane) CF,SiMe, has
been one of the most used trifluoromethylating reagents for the formation of
the CF,—Se bond. Diselenides could be converted to the corresponding trifluo-
romethylselenoethers with CF;SiMe;, in the presence of a stoichiometric amount
of fluoride anion (Scheme 3.25a) [66]. The method has been improved by replacing
diselenides with selenocyanates (Scheme 3.25b) [53a, 67]. Owing to the easier



72

3 Chemistry of OCF;, SCF5, and SeCF; Functional Groups

synthesis of selenocyanates and the need for only catalytic amount of fluoride
anion, the scope of the preparation of trifluoromethylselenolated substrates has
been greatly extended, for example to some bioactive compounds [53h, m, 62a].
Two decades later, a one-pot process by in situ formation of selenocyanates from
diazonium salts has been adapted (Scheme 3.25c¢) [68]. An example of one-pot
process starting from p-nitro-aniline has also been reported (Scheme 3.25d).

(1) KSeCN (1.5 equiv)

CF3SiMeg (2 equiv) CuCl/CuCly/1,10-phen (10 mol%)
BugN*F~ (2 equiv) CspCO3 (1.5 equiv)
PhSeSePh CH3CN, —25 °C, 20 min
THF, 0°C ArN,*BF 4~

@ 40-48% , ,
5o A (2) CF4SiMes (2 equiv.), rt, 12 h.

CFaseR NH2

CF3SiMegs (2 equiv) (b) (1) HBF;; Et;0 (1.05 equiv)
BusN*F~ (0.2 equiv) i (@ /AmONO (1.1 equiv)
RSeCN 58-75% 70% CH4CN, 15 °C, 30 min

THF, 0 °C then r.t.

(2) KSeCN (1.5 equiv.)
CuCl/CuCly/1,10-phen (10 mol%)
Cs,CO3 (1.5 equiv) NO2
CH3CN, 35 °C, 40 min

(3) CF3SiMeg (2 equiv), r.t., 12h

Scheme 3.25 Trifluoromethylation of selenylated compounds with CF;SiMe,.

3.4.2.2  Fluoroform (HCF;)

Reactivity Nucleophilic Radical Electrophilic

HCF ] R R

3

Fluoroform (HCF;) chemistry has been considered in the formation of trifluo-
romethylselenoethers. In basic conditions, HCF; can be deprotonated into the
trifluoromethyl CF,~ anion, which reacts with diselenides (Scheme 3.26a) [69].
This strategy has been used to prepare the radiolabeled compound [*¥F]CF,SePh
[70]. Fluoroform can also be deprotonated in the presence of copper salts to
form CF;Cu. This complex has been involved in reactions with diselenides
(Scheme 3.26b) or selenocyanates (Scheme 3.26c) to afford the corresponding
trifluoromethylselenoethers [71].

X =8ePh,R=Ph

DMF, -15 °C (47%)
HCF3 \i)
RSeX N(TMS)g/Me4NF or tBuOK
CF3SeR
DMF X = SeR (90%) (b)

CFsCu X =SeCN (80-85%) (c)

tBuOK/CuCl
HCF 41“ -

DMF

Scheme 3.26 Trifluoromethylation of selenylated compounds with HCF,.
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3.4.2.3 Other Reagents Involved in CF;~ Anion Generation

Reactivity Nucleophilic Radical Electrophilic

CF,~ donors a X i

Other reagents able to release CF,~ anion have been specifically used. Fluoral
hemiaminals can react with diselenides to provide the corresponding products
(Scheme 3.27a) [72]. An example of trifluoromethylation of diphenyl diselenide with
trifluoromethylphosphonate, activated by tBuOK and leading to trifluoromethylse-
lenylbenzene, was described (Scheme 3.27b) [73]. PhSeCF; was also prepared from
diphenyl diselenide with a solution of [borazine-CF,]~ anion (Scheme 3.27d) [74].
Tetrakis(dimethylamino)ethylene (TDAE) can reduce trifluoromethyl iodide into
CF;~ anion, which can react with diselenides (Scheme 3.27c) [75]. In this case, the
released RSe~ (from nucleophilic attack of CF;~) can react with excess of CF,1.

3.4.2.4 Sodium Trifluoromethylsulfinate (CF;SO,Na)

Reactivity Nucleophilic Radical Electrophilic

CF,SO,Na " 2 "

Sodium trifluoromethanesulfinate (or triflinate), also known as the Langlois
reagent, is an efficient reagent to generate trifluoromethyl radical CF;". In oxidative
conditions, sodium triflinate has been used to trifluoromethylate phenylselenol
(Scheme 3.28a) [76].

Trifluoromethylselenosulfonates have been synthesized from sodium triflinate
and diselenides or selenyl chlorides (Scheme 3.28) [77]. Under UV irradiation,
these compounds generate the CF;SO," radical, which rapidly extrudes SO, to
release the CF;" radical. The latter is trapped in the presence of diselenides to
give the corresponding trifluoromethylselenoethers (Scheme 3.28b) [78]. This
transformation could be realized without UV irradiation, but in the presence of
2 equiv of diselenide (Scheme 3.28c) [67]. A one-pot process from sodium trifli-
nate and 3 equiv of diphenyl diselenide has been described (Scheme 3.28d) [67].

OSiMes
(\NJ\CF3 i
. P~ )
PhoN_J) (2equiv) Fac ROt (1.2 equiy
BusN*Ph,SiF,]~ (2 equiv) {BUOK (2 equiv)
/  DME 80°C 80% \(a) (b),/ DMF, —40 °Cto rt. 34%
RSeSeR CF3l (5 equiv) CF3;SeR PhSeSePh
\_ TDAE 22 equiv /‘(c) (d)\ DMSO, rit. 69%
DMF, 0 °Ctort. [Borazine-CF3] K*

180-198% (both RSe part used)

Scheme 3.27 Miscellaneous trifluoromethylation of selenylated compounds.
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AgNO3 (0.1 equiv) )
K5S,0g (2 equiv) or 1205 (2 equiv)
CH3CN/H,0 80 °C, 24 h DMSO 110 °C, 24 h

PhSeH 74%
Bro Brp, UV irradiation
PhSeSePh (0.5 equiv) PhSeSePh (1 equiv)
‘ CH,Cl l ‘ CHClp 40°C  53% l(b) @
_ PhSeCl  CHyCly
CF3SO; Na* ———————— CF3S0,SePh CF3SePh
PhSeSePh (0.5 equiv) 55-95%
| PhI(OCOCF3), T PhSeSePh (2 equiv) T(C) (d)
CHCly CHyCly, 40 °C 85%

PhSeSePh (3 equiv), Brs (1 equiv)
(2 equiv of CF3SO.Na) CHuCly, 40 °C 80%

Scheme 3.28 Radical trifluoromethylation with sodium triflinate.

An alternative generation of the CF," radical from CF,I and Rongalite (sodium
hydroxymethanesulfonate HOCH,SO,Na) has also been used to perform the
synthesis of trifluoromethylselenylethers from diselenide compounds [79].

3.4.3 Direct Introduction of the CF;Se Moiety

Direct introduction of the CF;Se moiety could be envisaged with nucleophilic sub-
stitutions, electrophilic substitutions, or by radical pathway using different reagents.
Although metallic salts have been prepared [80], only a few of them have been well
documented as trifluoromethylselenolating reagents.

3.4.3.1 Trifluoromethyl Selenocopper DMF Complex

Reactivity Nucleophilic Radical Electrophilic

CuSeCF,;DMF a K K

Yagupolskii’s group reported the first synthesis of a trifluoromethylselenocopper
complex in 1985 [55h]. Bis(trifluoromethyl)diselenide reacts quantitatively with
copper powder in DMF to provide the CF;SeCu;DMF complex. This reagent was
used in a one-pot two-step reaction for nucleophilic trifluoromethylselenolation
of iodopyridine and aryl iodides (Scheme 3.29). Trifluorometylselenolation of
propargylic bromide was also reported but with a low yield (14%) [55j].

R=Y,
\ 7"
R/=Y
Cu powder Y=C,N N
_ —— > [CF3SeCu,DMF] ———X—» SeCF
FsCSe-SeCF, DMF [CFsSeCu ] 95-110 °C U 8
95-110 °C Up to 95%

Scheme 3.29 Nucleophilic trifluoromethylselenolation of aryl iodides.
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3.4.3.2 Trifluoromethyl Selenocopper Bipyridine Complex: [bpyCuSeCF;],

Reactivity Nucleophilic Radical Electrophilic

[bpyCuSeCF,], o R R

New copper(I) trifluoromethylselenolate complexes recently emerged thanks to
the convergence in copper(I) trifluoromethylthiolation development [55z]
and copper(I)-catalyzed trifluoromethylselenolation [81]. Starting from the
Ruppert-Prakash reagent CF,SiMe;, elemental selenium, copper iodide, and a
ligand in the presence of a fluoride source, four new copper(Itrifluoromethylse-
nenolate complexes have been prepared [82]. Except for the electron-rich
4,4'-di-tert-butylbipyridine ligand, dimeric species were isolated with the use
of bipyripine and phenantroline types of ligands. All resulting complexes were
air stable for months. Thanks to its reactivity toward iodotoluene, the copper
trifluoromethylselenolate bipyridine complex [bpyCuSeCF;], was selected for
further studies (Scheme 3.30).

) e
.- Z Se = . o
g o ol 1 bpy (54%)
L N/ 56 \N/ .- dmbpy (43%)
[ CIDF Me,Phen (59%)
R N SRR N
. Se, Cul, ligand, KF
CF3SiMe3 tBu tBu
CH4CN, rt. _
7 N\
Ligand: __ \ /
bpy = bipyridine N /N
dmbpy = 4,4’-di-methylbipyridine CIU 46°
dibpy = 4,4'-di-tert-butylbipyridine SeCF, 6%

Me,Pn = neocuproine

Scheme 3.30 Copper (l) trifluoromethylselenolate complexes.

3.4.3.2.1 C(sp?)—Se Bond Formation

A wide variety of alkyl [82], allyl, and propargyl [83] selenoethers were prepared
from the reaction of [bpyCuSeCF,], and corresponding halide substrates. These
C(sp*)—Se bond formation reactions proceed with moderate to good yields
(Scheme 3.31). An excess of electrophile (1.6-1.8 equiv) was used in each case. The
reaction with alkyl halides occurs at higher temperature (110 °C) than with other
substrates (70 °C). a-Haloketones [84] and a-diazoesters [85] were also converted to
the corresponding selenoethers in lower temperature conditions (40-45 °C).

3.4.3.2.2 (C(sp?)—Se Bond Formation

The C(sp*)—Se bond formation mediated with [bpyCuSeCF,], for the preparation
of aryl [82] and heteroaryl selenoethers [86] is effective on a large scope of substrates
(Scheme 3.32). Aromatics halides bearing nitrogen, oxygen, sulfur heteroatoms,
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Scheme 3.31  ((sp®)—Se bond formation using [bpyCuSeCF;], reagent.

and/or sensitive functional groups were submitted to this method. Reactions were
conducted in CH;CN at 110 °C or dioxane at 80 °C for 16 hours. Yields were satisfac-
tory and strongly dependent on the substrate. For example, 4-bromopyridines react
in only 14% yield, whereas 2-bromopyridines react in more than 75% yield. The
method was successfully applied to vinyl halides [87] with retention of the C—C
double bond stereochemistry and to halo-pyrones [55cm]. a-Bromo-a-p-unsaturated
carbonyl compounds were converted to the corresponding selenoethers but a mix-
ture of Z/E isomers was observed [55ap]. Of note, 2 equiv of CsF were needed to
accomplish this transformation. In addition, [bpyCuSeCF,], complex proved to be
efficient for the conversion of p-bromo-a-f-unsaturated ketones with good to excel-
lent yields [55av]. In addition, a palladium tandem synthesis of CF,Se-substituted
benzo-fused heterocycles from dibromovinyl phenols, thiophenols, and anilines
was recently described [55df]. The overall scope of C(sp?)—Se bonds is complete
with the synthesis of trifluoromethylselenoesters obtained through iron-catalyzed
trifluoromethylselenolation of acid chlorides [3].

3.4.3.2.3 ((sp)—Se Bond Formation

Finally, oxidative trifluoromethylselenolation of terminal alkynes allows the forma-
tion of C(sp)—Se bonds (Scheme 3.32). Treatment of [bpyCuSeCF,], with terminal
alkynes in the presence of an oxidant, DessMartin periodinane, and a base led to
alkynyl trifluoromethyl selenides [88].

3.4.3.3 Tetramethylammonium Trifluoromethylselenolate [(NMe,)(SeCF;)]

Reactivity Nucleophilic Radical Electrophilic

[(NMe, )(SeCF;)] al al @




3.4 CF;Se Chemistry

F3CSe
Het)ArSeCF —
(Fey ° (Het)ArX x X=LBr \ (0]
14-92% (1.7 equiv.) — O
CH,CN,100 °C 4 .
)O]\ Dioxan%r, 80 °C o - 89-98%
N oluene
Ar SeCF3 )OL (1.8equiv) /" 100 °C
52-96% Ar”Cl N N
CFs || a ; Rs
Fe (10 mol%) _N Se N~ 1 X R ﬁ/l‘\«
i AN X=1,Br,Cl M1
Dioxane, r.t. /C ’ /CG\ Ro s % SeCFs
A= z {\‘ € N7 CHLCN, 100 °C Re 34-949%
_ =N
R—==—SeCF; “Dwpaseq '\~ O3 con Ry = Ar, Ak
57-87% KF (G eaum frs Rz, Ra = H, Ph, Alk
Br o CsF Br
Rgm Ry ﬁ E:ZHeng’L\;-) | (1 equiv)
A - xylene
Pd,(dba)s (5 mol%) )F'i e B\ 140° A COR
2! 3 o, " r
E(DI:ITOJ)B o mgl:/'c )CN ) CHU;\I/eth:Z.r:e 7 SeCF3
t V),
R T *80°C o 71-88%
R =H, Ph, OAKk
X Ry~
Rmsecﬁ Rr‘ﬁ
Z X SeCF,
16-92% 62-96%
X =0, S, N(iPr) Ry, R2 = H, Me, Ph

R = H, Alk, Hal, OMe
Scheme 3.32 C(sp?)—Se and C(sp)—Se bonds formation using [bpyCuSeCF;], reagent.

The first preparation of tetramethylammonium trifluoromethylselenolate
[(NMe,)(SeCF,)] was achieved by reaction of difluoroselenophosgene with
tetramethylammonium fluoride. Other trifluoromethylselenolate salts were pre-
pared in an analogous manner but only used on scarce experiments [80b]. In 2003,
an alternative preparation was reported by reaction of Me;SiCF,; with elemental
selenium and tetramethylammonium fluoride at low temperature [89].

[(NMe,)(SeCF;)] is a useful reagent for the creation of C(sp>)—SeCF; bonds start-
ing from alkylbromides, chlorides, or tosylates (Scheme 3.33a). The reaction occurs
in only 30 minutes in acetonitrile with slight excess of selenolate salt without any
additive. This simple procedure gave excellent yields, up to 80% (Scheme 3.33a).
a-Diazo-esters or ketones were also trifluoromethylselenolated in acidic condition
with TfOH at —20°C [90] (Scheme 3.33b). A previous work on a-diazo-esters was
reported by the group of Goossen: a catalytic amount of copper thiocyanate was able
to promote this trifluoromethylselenolation in 15 hours at room temperature with
good yields (64-95%) (Scheme 3.33b) [55bn].

Initially, conversion of aryl iodides to the corresponding ArSeCF, with
[(NMe,)(SeCF,)] was reported in the presence of metal catalysts. The group
of Schoenebeck described a palladium-catalyzed trifluoromethylselenolation of aryl
iodides and heteroaryl iodides in toluene at 40-60°C in 24 hours with moderate
to good yields [91]. The reaction is tolerant to various functional groups and
unprotected amines (Scheme 3.33c). Ni-catalyzed trifluoromethylselenolation
of aryl halides with [(NMe,)(SeCF;)] was also developed (Scheme 3.33c) [92].
Ni(COD), catalyst associated with bipyridine ligand proved to be efficient in
converting aryl iodides and aryl bromides at room temperature. Double amount of
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Scheme 3.33  C(sp*)—Se bond formation using [(NMe,)(SeCF;)].

metal catalyst (10% instead of 5%) and longer reaction times (12 hours instead of
2hours) are needed for aryl bromides. In case of aryl chlorides, the bulkier ligand
1,1’-bis(diphenylphosphino)ferrocene (dffp) is required as well as a higher reaction
temperature (50 °C) [92a]. This method gives yields up to 99% and presents a good
tolerance to functional groups (Scheme 3.33c). Another approach used a dinuclear
Ni(I) complex as catalyst in order to increase the chemoselectivity of the SeCF,
functionalization with [(NMe,)(SeCF;)]. Aryl iodides were trifluoromethylse-
lenolated with high yields; however, aryl bromides were found to be unreactive
[92b].

[(NMe,)(SeCF;)] was also involved in a copper-catalyzed oxidative coupling
(Scheme 3.33e) [93]. Aryl boronic acids or esters in the presence of Cu(OTf),,
bipyridine as catalytic system, and O, as oxidant were trifluoromethylselenolated
in moderate to good yields. Stoichiometric amounts of copper are needed for this
transformation (Scheme 3.33e). Of note, a few examples of vinyl boronic acids were
also converted to the corresponding selenoethers. Therefore, a one-pot two-step
procedure involving in situ formation of [(NMe,)(SeCF;)] from Ruppert-Prakash
reagent and elemental selenium was developed for this oxidative coupling reaction.

A copper-catalyzed trifluoromethylselenolation with [(NMe,)(SeCF;)] of aro-
matic diazonium salts was developed by the group of Goossen (Scheme 3.33f)
[55bm]. Based on optimization experiments on trifluoromethylthiolation, reaction
conditions involved the use of catalytic amount of copper thiocyanate (10%). Nev-
ertheless, the same reaction was developed by the groups of Zhang in a metal- and
additive-free procedure (Scheme 3.33f) [90]. Selenoethers were prepared from the
corresponding aryldiazonium salts with 2 equiv of [(NMe,)(SeCF,)] in acetonitrile
at —40 or —20 °C to room temperature. Yields are moderate to good and comparable
to the copper-catalyzed reaction.
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These conditions were also applied to convert diaryliodonium triflate into the
corresponding trifluoromethyl selenoethers (Scheme 3.33g) [90]. Best results were
obtained on unsymmetrical diaryliodonium salts bearing electron-deficient aryl
moieties.

Tetramethylammonium trifluoromethylselenolate [(NMe,)(SeCF,)] reacts with
terminal alkynes through an oxidative coupling in the presence of oxygen and a sto-
ichiometric amount of copper triflate and bypiridine (Scheme 3.33h) [93]. Similarly
to boronic acid derivatives, a one-pot two-step selenolation of a terminal alkyne from
Ruppert-Prakash reagent is reported. A metal-free approach involving the use of
alkynyl(phenyl) iodonium salts has also been described [55bf]. In this case, trifluo-
romethylselenolation was accomplished in only 5-10 minutes at room temperature.

Although [(NMe,)(SeCF,)] is mainly used as a nucleophilic reagent, it has been
involved in trifluoromethylselenolation of electron-rich aromatic compounds under
oxidative conditions (Scheme 3.33d). The authors proposed an electrophilic path-
way: CF;Se~ anion would be oxidized to form CF,Se" radical, which is further oxi-
dized to form the CF,Se* cation [94].

Finally, an organic photoredox-catalyzed decarboxylative trifluoromethylse-
lenolation of carboxylic acids with [(NMe,)(SeCF;)] was recently described
(Scheme 3.33i) [95]. It allowed access to C(sp;)—SeCF, bond formation from
primary, secondary, and tertiary aliphatic carboxylic acids. The authors suggested
a radical process for the reaction, in which the reactive CF,Se’ radical might be
formed.

3.4.3.4 In Situ Generation of CF;Se~ Anion from Elemental Selenium

Reactivity Nucleophilic Radical Electrophilic

CF;™/Se @ 2l K

Generation of the trifluoromethyl anion in situ is an alternative to the use of triflu-
oromethylselenolate salt of complexes. A copper-catalyzed trifluoromethylselenola-
tion of alkyl bromides and aryl iodides was developed from elemental selenium and
Ruppert-Prakash reagent in the presence of fluoride source (Scheme 3.34a) [81]. In
the presence of silver carbonate as additive and phenanthroline, these conditions led
to in situ formation of the complex [PhenCu(SeCF;)],. One-pot trifluoromethylse-
lenolation of boronic acids or alkynes was also developed in copper-catalyzed oxida-
tive coupling reactions from Ruppert-Prakash reagent and elemental selenium (see
Section 3.4.2.1).

The use of a solution of trifluoromethylborazine mixed with grey elemental
selenium [74] is reported for the synthesis of an example of selenoether. The
CF,Se™ anion generated in situ reacts with bromomethyl naphthalene to form the
corresponding product (Scheme 3.34b).

An original in situ generation of CF,Se™ anion was reported for the creation of
C—SeCF; bonds from benzyl halides [96]. This Cu-promoted difluorocarbene-
derived trifluoromethylselenolation involved the use of elemental selenium, a
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KF (3 equiv.)
Ag>CO3 (0.5 equiv.)
Cul / Phen (20 mol%)

MesSiCF; + Se + R-X R-SeCF; (a)
(3 equiv) (2equiv) (1equiv) DMF, 80°C 31-88%
X=1,Br
CFg ~ *K(18-crown-6)
\N,B\hl/
BB ‘\/
| CF3Se~
Se THF solution [ 18 -Crown- 6)} SeCFs
CsF (3 equiv) 4%
Ag>CO3 (20 mol%)
Cul / Phen (3 equiv)
® O o BuyNCI (2 equiv)
Ph3P>gj\o + Se . + AI’CHQX W ArCH,SeCF3; (c)
EOF (6 equiv) (1 equiv) 41-81%
X =Br, Cl

Scheme 3.34 Trifluoromethylselenolation from in situ generation of the CF;Se™ anion.

fluoride source, and Ph,P*CF,CO," for trifluoromethylselenide anion generation
(Scheme 3.34c). The system was extended to alkyl, allyl, and secondary benzylic
halides but aryl halides were unreactive. [CuSeCF,] was proposed as intermediate
for this transformation.

3.4.3.5 Trifluoromethylselenyl Chloride (CF;SeCl)

Reactivity Nucleophilic Radical Electrophilic

CF,SeCl K X a

In contrast to the earlier reagents that were initially developed for nucleophilic
trifluoromethylselenolations, trifluoromethylselenyl chloride (CF;SeCl) was
the first reagent reported to perform electrophilic trifluoromethylseleno-
lation reactions. Initially, this compound was prepared via chlorination of
bis(trifluoromethyl)diselenide with 90% yield (Scheme 3.35) [80a, 97]. In 2002, an
alternative synthesis based on the formation of benzyltrifluoromethylselenide was
reported (Scheme 3.35) [79b]. CF,SeBn was prepared by the reaction of dibenzyld-
iselenide and trifluoromethyliodide in a first step, followed by chlorination using
sulfuryl chloride to give CF;SeCl in 95% yield.

Moreover, CF;SeBn can also be prepared in two steps, starting from potassium
selenocyanate and benzyl bromide. Then, benzylselenocyanate can react with
Ruppert-Prakash reagent to form benzyltrifluoromethylselenide in 82% yield
(Scheme 3.35) [53a, 67, 98]. It should be noticed that a method of preparation of
CF;SeBn from [(NMe,)(SeCF;)] has been recently presented [90].

Electrophilic trifluoromethylselenolations with CF,;SeCl were applied to various
aromatic compounds including dimethylaminobenzene [99], anilines [99, 100],
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CF3SeSeCF;
%\
BnSeSeBn 90%
CF.l HOCH,SO,Na CF3SeCl
8 TOMF, HyO, . 0% 95%
SO.CI
BnSeCN BnSeCFj3 2V
. TBAF (0.2 equiv)
CF38IM93 82%

THF 0°Cto23°C

Scheme 3.35 Preparation of trifluoromethylselenyl chloride.

phenol [101], or trimethoprim (Scheme 3.36a—c) [102]. A few examples of conver-
sion of phenyl- or tolylmagnesium bromide into the corresponding selenoethers
via CF,SeCl have been reported (Scheme 3.36d) [103]. Introduction of SeCF,
onto malonates or orthoacetate derivatives was also described (3.36e,f) [104]. Of
note, CF,SeCl can lead to trifluoromethylselenocyanates (CF,SeCN) and trifluo-
romethylselenoisocyanates (CF,;SeOCN) after reaction with, respectively, cyanide
and cyanate salts [97, 105].

N SeCF3
R._C(OEt)g | A
=
87-97% SeCF; R’
R._C(OEt)g ArNH NH 61-85%
~ Il 2
R= H, SeCF3 NaH/Na Et202

R=H, Me
Et:0 R’ =H, o-F, 0-CO,Me

—30°Ctor.t. SeCF3

CO,Et )C\OZEt 0 (@) Phenol
2 R COZEt CF.SeCl (b) Pyridine F3CSG OH
FoCSe” NCO,Et  NaELO (0, ° CHCI 0°C to rt.
R -40°Ctord. (d) © 99% SeCF,
82-87% ArMgBr
R =H, SeCF3 Et,0 : .
50°Ctort. (T;;':Segfﬁ m NH,*TfO™ SeCFg
—40°Clo rt. N OMe
R SeCF3 )I\
R=H, Me 30-75% HoN™ N7 OMe
65%  OMe
Scheme 3.36 Trifluoromethylselenolation with CF;SeCL
3.4.3.6 Benzyltrifluoromethylselenide (CF;SeBn)
Reactivity Nucleophilic Radical Electrophilic
CF,SeBn K a a

Direct trifluoromethylselenolation with trifluoromethylselenyl chloride is limited to
a few examples, maybe due to the difficulty in handling. Indeed, this electrophilic
reagent is highly volatile (b.p. = 21-31 °C) [79b, 80a, 97]. Moreover, by analogy with
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its sulfur analogs, it could be assumed to be toxic [106]. The group of Billard reported
the in situ generation of CF;SeCl from CF,SeBn, a stable and easy-to-handle liquid
that can be prepared in multi-gram scale (Scheme 3.35). By using a stoichiometric
amount of sulfuryl chloride in THF or dichloromethane (DCM) at room tempera-
ture, CF;SeBn can react in one-pot two-step electrophilic trifluoromethylselenola-
tion via “CF,SeCl-generation” [98].

Trifluoromethylselenoethers bearing C(sp®)—Se bond were prepared from
alkenes [107], ketones [108], or Grignard reagents (Scheme 3.37) [63b]. In the case
of alkenes, the incorporation of a CF,Se group was accompanied by the introduction
of a chlorine atom to furnish a-chloro-p-trifluoroalkylselenoethers (Scheme 3.37a)
[107]. Good yields were obtained with symmetrical alkenes, but unsymmetrical
alkenes led to mixtures of regioisomers. a-Functionalization of ketones was con-
ducted without any additives in moderate to good yields (Scheme 3.37b) [108].
Reactions with Grignard reagents have also been reported in aryl and alkyl series.
Because of the formation of benzyl chloride as a side product during the in situ for-
mation of CF;SeCl, reactions required 2 equiv of Grignard reagents (Scheme 3.37c)
[63Db].

o)
cl., :RZ . )J\(SeCFS
1
Ry SeCF3 R, 16-84% R-SeCF;
R
25-84% _ e 55-56% (R = Alk)
Sl 1 52-61% (R = Ar)

H
f-Mgsr or 62-82% (R = R-CC)

R-Li (2 equiv)

SeCFj3 (a) (b) R2
i ‘ (c) -78°Ctorit.
OO ¥-00.50, ANy R [CFgSeBNSOCly | oo
Pd(OAc), (1omol%) ()| = [CF3SeCl] N

22-89% HN. _R ()} Ry
Y R———=Cu

(Het)ArSeCF3
4-93%
(Het)ArB(OH),

Bipyridine MeY-

-—r
3
=0 &

o 5

20

S >

=8

N

N bpy (1 equiv)
R—— SeCF3 Ro CsoCO3 (1 equiv)
32-75% Y=0,5,CO,, CH=N (Het)ArSeCF3
Ry =Alk, Ar Ry = H, OMey S€CF3 4-93%
X
Ly T 6-93%

Scheme 3.37 Trifluoromethylselenolation using BnSeCF; as pre-reagent.

Aryl- and heteroarylselenoethers can be also prepared in one-pot two-step triflu-
oromethylselenolation from CF,SeBn through SE,, reactions (Scheme 3.37d) [98].
Additionally, a copper-mediated trifluoromethylselenolation of boronic acids was
described using copper(II) acetate, bipyridine as ligand, and cesium carbonate as
base (Scheme 3.37¢) [109].

An approach for the construction of heterocycles with SeCF; moiety was also
reported (Scheme 3.37f) [110]. This cascade reaction involved the trifluoromethyl-
selenolation of ortho-functionalized alkynyl-aryl compounds followed by
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intramolecular ring closure. Various heterocycles were prepared such as benzo-
furanes, benzothiophenes, and six-membered rings such as isochromanones,
isoquinolines, or dihydroisoquinolines.

Trifluoromethylselenolations of terminal alkynes can also be done in a one-pot
two-step process from CF;SeBn. Lithium alkynides provided the corresponding
CF;Se-compounds in moderate to good yields (Scheme 3.37c) [63b]. Alkynyl copper
reagents were also found very reactive toward these conditions, allowing a larger
scope of application such as substrates bearing sensitive functions such as cyano or
ester groups (Scheme 3.37g) [107].

Trifluoromethylselenyl chloride, generated in situ from CF;SeBn and SO,Cl,,
has also been involved in regioselective remote C-H trifluoromethylselenolation of
8-aminoquinolines (Scheme 3.37h) [108]. In this palladium-catalyzed reaction, the
authors postulated the generation of the CF,Se’ radical through a single-electron
transfer process.

3.4.3.7 Trifluoromethylselenotoluenesulfonate (CF;SeTs)

Reactivity Nucleophilic Radical Electrophilic

CF,SeTs a a a

3.4.3.7.1 CF;SeTs as Electrophilic Reagent

Trifluoromethylselenotoluenesulfonate has been recently reported as a new elec-
trophilic trifluoromethylselenolating reagent. Its preparation involved a one-pot
two-step procedure: a first generation of CF;SeCl followed by trapping with sodium
toluenesulfinate (Scheme 3.38) [111].

(1) SOLCly (1 equiv) Q\S/p
THF, rt. ~SeCF,
BnSeCF3 (2) TsNa (1.1 equiv) /©/
CH,Cl,, ~78 °C 58%

Scheme 3.38 Preparation of trifluoromethylselenotoluenesulfonate.

The reactivity of this reagent has been studied toward aryl and vinyl boronic acids
with copper (II) acetate-bipyridine as catalytic system and cesium carbonate as
base. A series of compounds bearing electron-donating and electron-withdrawing
groups were prepared in moderate to good yields (Scheme 3.39a,b) [111]. Terminal
alkynes were submitted to reaction with CF;SeTs under various conditions. In THF
at room temperature without any additive, difunctionalized alkenes were produced
in moderate to good yields (Scheme 3.39¢c) [112]. In the presence of copper (II) and
tetramethylethylenediamine (TMEDA) as catalytic system and cesium carbonate
as base, CF,SeTs leads to alkynyl trifluoromethyl selenoethers (Scheme 3.39d)
[113]. Increasing the amount of copper(II) allows the bi-addition of tosyl and SeCF,
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groups across the triple bond. Starting from substrates bearing an oxygen-directing
atom and 6 equiv of water, the corresponding vinylsulfones were obtained in good
yields (Scheme 3.39¢).

Cu(OAc), (10 mol%)
bpy (10 mol%)
Cs,CO; (1 equiv)

(Het)Ar-B(OH),

(Het)Ar—SeCF; (a)
27-74%

A\ SeCFs  (b)
26-47%

QL FsCSe

S. >_ ©
F _—
/©/ SeCFs THE et R Ts
[Cu] (20 mol%) 16-85%

TMEDA (40 mol%)

R———H Cs,CO4 (1 equiv)
Toluene, r.t R—= SeCF3 (d)
" 29-79%

[Cu] (40 mol%)

TMEDA (80 mol%)

Cs,C0; (1 equiv) Ts SeCF3 (e)
H,0 (6 equiv) R o
GH,CL. 11 50-84%

Scheme 3.39 Trifluoromethylselenolation using TsSeCF.

3.4.3.7.2 CF;SeTs as Nucleophilic Reagent

Although trifluoromethylselenotoluene sulfonate CF;SeTs was initially designed
for electrophilic trifluoromethylselenolations [111], it has been recently involved in
nucleophilic pathway. A one-pot two-step procedure was developed to convert alkyl
halides into the corresponding selenoethers (Scheme 3.40) [114]. In the presence
of TDAE, CF,SeTs is first reduced to the trifluoromethylselenolate anion and could
react without isolation with alkyl halides through nucleophilic substitutions.

N

S. (1) TDAE (1 equiv), DMSO, r.t., 5 min
SeCF3 R-SeCF,
(2) R-X (1 equiv), r.t., 5 min 24—-84%

X =Cl, Br, OMs

Scheme 3.40 Nucleophilic substitutions with CF;SeTs.

3.4.3.7.3 CF;SeTs in Radical Trifluoromethylselenolation

Under white LED (visible light) irradiation, CF;SeTs could generate CF,Se’
radical, which rapidly dimerizes into CF,SeSeCF;. The generated dimer could
then trap other radical species to provide a C—SeCF; bond. In the presence
of Eosin Y, CF;SeTs could react with diazonium salts to give (hetero)aromatic
trifluoromethylselenoethers (Scheme 3.41a) [115]. Without photoredox catalyst,
the radical addition of tosyl and CF,Se moieties onto alkenes or alkynes has also
been observed (Scheme 3.41b) [116]. Moreover, CF,SeTs has recently been used in
the desulfonylative functionalization of alkyl allyl sulfones leading to the formation
of alkyl trifluoromethylselenoethers in a radical pathway (Scheme 3.41c) [117].
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(Het)Ar-N,"BF ;-
Eosin Y (5 mol%)

- (Het)Ar—SeCF3
@ / \Sll\r;llé%LEtD 38-83%

\\S// R SeCF3
A -
(b)  White LED : 2
DMSO, r.t. Ts
© 33-88%
QL
ABN RS~
RT ™ | R-SeCF,
CHClg, 85 °C, 48 h R = Ak
82-95%

Scheme 3.41 Radical trifluoromethylselenolation with CF;SeTs.

3.4.3.8 Benzylthiazolium Salt BT-SeCF;

Reactivity Nucleophilic Radical Electrophilic

BT-SeCF, @ ® ®

A recent metal-free deoxytrifluoromethylselenylation reaction using BT-SeCF;, a
new benzothiazolium salt, has been reported. Primary, secondary, and benzylic alco-
hols were converted into the corresponding trifluoromethylselenoethers under very
mild condition (Scheme 3.42) [118]. BT-SeCF, is a bench-stable and easy-to-handle
solid that releases the anion CF,;Se™ after activation in the presence of an alcohol
and the Hiinig’s base NEt(iPr),.

/] ©

oTf
R~ -OH N ® . _
\r . ©: \>—SeCF3 NEt(Pr), (2 equiv) R1YSeCF3
Rz S CH4CN,0°Ctort, 1-2h R .
Ry, Rz = H, Alk, Bn BT-SeCFj 2 38-98%

Scheme 3.42 Deoxytrifluoromethylselenylation of alcohols by using BT-SeCF,.

3.5 Summary and Conclusions

Despite the huge challenge brought by the CF,X chemistry, numerous elegant and
efficient solutions have been brought from the beginning of this adventure (in early
1960s) to date. Noteworthy, because of the emerging interest toward fluorine chem-
istry in these last years, CF,X chemistry has seen since around 10 years a resurgence
of interest, leading to an exploding development of numerous methods and reagents
to synthesize CF,X-molecules. Nowadays, the organic chemistry toolbox possesses
some efficient tools to introduce CF,X moieties onto organic substrates. However,
compared to the hydrogenated equivalent (i.e. CH,X), CF,X chemistry still requires
developments to be able to graft these substituents “when you want, where you
want”!
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Introduction of Trifluoromethylthio Group into Organic
Molecules
Hangming Ge, He Liu and Qilong Shen

Key Laboratory of Organofluorine Chemistry, Shanghai Institute of Organic Chemistry, University of Chinese
Academy of Sciences, Chinese Academy of Sciences, 345 Lingling Road, Shanghai 200032, China

4.1 Introduction

The excellent beneficial properties [1] of the trifluoromethylthio group have urged
synthetic chemists to develop efficient methods for the incorporation of the trifluo-
romethylthio group into the target molecules. In the past decade, numerous triflu-
oromethylthiolating methods have been developed and a few reviews have already
appeared [2]. Given the rapid development in this field, we think that a detailed
summary of recent progress in the development of new trifluoromethylthiolating
methods is necessary, which will be presented in this chapter.

4.2 Nucleophilic Trifluoromethylthiolation

4.2.1 Preparation of Nucleophilic Trifluoromethylthiolating Reagent

4.2.1.1 Preparation of Hg(SCF;),, AgSCF;, and CuSCF,

Reaction of a nucleophilic trifluoromethylthiolating reagent with an electrophile is
a general method for the introduction of the trifluoromethylthio group into a small
molecule, which was the early focus in the field of trifluoromethylthiolation. In 1959,
Muetterties and coworkers reported the development of the first nucleophilic trifluo-
romethylthiolating reagent Hg(SCF;),, which was prepared by reaction of HgF, with
CS, at 250 °C [3] (Scheme 4.1). Yet, the high toxicity of Hg(SCF,), limited its further
widespread application. Consequently, two other organometallic reagents, CuSCF,
and AgSCF; which are now commonly used nucleophilic trifluoromethylthiolat-
ing reagents, were developed by the treatment of Hg(SCF;), with copper powder
or AgNO;, respectively. In 1961, MacDulffie and coworker simplified the synthesis
procedure of AgSCF, by the reaction of AgF with CS, at 140 °C, which generated
AgSCF, in 70-80% yields [4] (Scheme 4.1). In addition, Yagupolskii et al. reported in
1975 that CuSCF; could be easily prepared from AgSCF,; in quantitative yield when
it reacted with CuBr [5] (Scheme 4.1). Moreover, CuSCF; could also be accessed

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
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from Chen’s Reagent (FO,SCF,CO,Me) when it was treated with Cul and sulfur
powder [6].

250 °
3HgF2 + ZCSZ LC’ 2HgS + Hg(SCF3)2
75%
140 °C

70-80%

3AgF + CS,

Ag,S + AgSCFg

140 °C
AgSCF3; + CuBr —— > AgBr + CuSCF;
>99%

Scheme 4.1 Preparation of Hg(SCF;),, AgSCF;, and CuSCF;.

4.2.1.2 Preparation of MSCF; (M =K, Cs, Me,N, and S(NMe,))

A few other ionic nucleophilic trifluoromethylthiolating reagents MSCF, (M = K,
Cs, Me,N, and S(NMe,),) have also been reported. These reagents were prepared
from highly toxic starting materials such as C(S)F, or CF;SSCF; via a multistep
procedure, thus limiting their further applications [7]. In 2003, Tyrra et al. described
an improved one-pot procedure for the preparation of these ionic nucleophilic
trifluoromethylthiolating reagents from Ruppert-Prakash reagent (TMSCF;,
TMS = Me,Si, trimethylsilyl), elemental sulfur, and the corresponding fluoride
source [8] (Scheme 4.2). For example, treatment of Ruppert-Prakash reagent
(Me;SiCF,) and elemental sulfur with Me,NF in tetrahydrofuran (THF) at —60°C
for 30 minutes and then allowing to warm to room temperature afforded Me,NSCF,
in 88% yield.

Diglyme
MF + TMSCF; + 1/88g —2THE _ TySF + MSCF,
-60 °Ctort.
75% M =K, Cs, NMey, etc.

Scheme 4.2 One-pot procedure for the preparation of MSCF, from TMSCF,, S, and MF.

4.2.1.3 Preparation of Stable Trifluoromethylthiolated Copper(l) Complexes

One of the problems for the above-mentioned nucleophilic trifluoromethylthiolat-
ing reagents is their thermal stability since these compounds decompose quickly at
high temperature. For example, in 1992, Munavalli’s group reported the preparation
of the first crystalline trifluoromethylthio copper(I) complex (CuSCF;),,(MeCN),
from CF,SSCF, with copper powder in MeCN [9]. However, it was found that the
solid was not stable in crystalline form for a prolonged period.

To improve the stability of the trifluoromethylthiolated copper species, in 2013,
Weng et al. tried to install a bidentate nitrogen ligand on copper metal center [10]. It
was found that 2,2’-bipyridine-ligated trifluoromethylthiolated copper complex was
much more stable since (bpy)CuSCF, (bpy = 2,2’-bipyridine) was not sensitive to air,
moisture, or light. Switching the ligand from 2,2’-bipyridine to 1,10-phenanthroline
(phen) led to the formation of the dinuclear complex [(phen)CuSCF, ], (Scheme 4.3).
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Likewise, in 2016, Vicic and coworkers reported the preparation of air-stable
phosphine-coordinated trifluoromethylthio copper(I) complexes (Ph,P),CuSCF,
and (dppf)CuSCF; (dppf = bis(diphenylphosphino)ferrocene) from CF,SO,Na
using Ph,P as the reducing reagent [11] (Scheme 4.3). These stable complexes can
participate in trifluoromethylthiolation of a series of electrophilic substrates, such
as aryl, alkyl, vinyl, and acyl halides [10-12].

Weng'’s work (Method A)

R
CUF2 + Sg + TMSCF3 / \
— N.
Ligand Cu-SCFg
<N
\
CuCl + CF3SO,Na R
Vicic’s work (Method B) R =H, 44% (A), 60% (B) R =H, 49% (A), 65% (B)
R = Me, 48% (A), — R = Me, 42% (A), 58% (B)

R =Bu, 47% (A), 68% (B)

Ph
PhgP or dppf PhsP_ &S -Ph
/CU_SCF3 Fe Cu-SCF3

P
PhgP @;h/ Ph

72% 69%

Scheme 4.3  N,P-ligated shelf-stable CuSCF; complexes.

4.2.2 Formation of C(sp?)-SCF; by Nucleophilic
Trifluoromethylthiolating Reagents

4.2.2.1 Reaction of CuSCF; with Aryl Halides

Classic methods for the preparation of aryltrifluoromethylthioethers typically
involved the chlorination of arylmethylthioether to generate trichloromethylth-
ioether, followed by fluorine/chlorine exchange. Yet, the reaction conditions were
harsh and ortho-substituted trifluoromethylthioethers were inaccessible. To address

this problem, Yagupolskii et al. reported a general method for the preparation of

aryltrifluoromethylthioethers by reactions of CuSCF; with aryl halides. In general,
reactions of electron-poor aryl iodides occurred in 70-75% yields, while the same
reactions with electron-rich aryl iodides occurred in much lower yields (30-55%
yields) [5] (Scheme 4.4). Later on, Chen and Duan reported that in situ-generated
CuSCF; from Chen’s Reagent (FO,SCF,CO,Me), Cul, and sulfur powder were
able to react with aryl bromides when the reaction was conducted in NMP
(N-methylpyrrolidone) or HMPA (hexamethylphosphoramide) [6] (Scheme 4.4).

In 2012, Weng et al. discovered that the air-stable nucleophilic trifluoromethylth-
iolating reagent [(bpy)CuSCF,] was able to react with a variety of electron-rich or
-poor aryl iodides in good to excellent yields, while reactions of aryl bromides were
limited to electron-poor aryl bromides or activated heteroaryl bromides such as
2-bromopyridine [10] (Scheme 4.4).
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Yagupolskii’'s work:

NMP or DMF
(Het)ArX + CuSCF4 (Het)Ar—SCF3
150-165 °C, 7 h
X=8Br, |
Chen’s work:

Cul (1.0 equiv)
Sg (0.125 equiv)
ArX + FSO,CF,CO,Me Ar—SCF4
HMPA, 100 °C, 8 h

X=Br, | (1.0 equiv)

Weng’s work:
MeCN
Het)ArX + (bpy)CuSCF3 ———————— (Het)Ar-SCF
(HenAr (bey) 3 THoec,15h - (HeWA-SCR
X=Br, | (1.0 equiv) 17 examples

up to 90% yield

Scheme 4.4 Reactions of (L,)CuSCF; with aryl iodides and bromides.

4.2.2.2 Sandmeyer-Type Trifluoromethylthiolation

Sandmeyer reaction represents one of the most useful methods for the introduction
of functional groups to aromatic ring. Based on the same principle, Sandmeyer-type
trifluoromethylthiolation was also accomplished by using AgSCF, and CuSCF; as
the nucleophilic trifluoromethylthio reagent. As early as in 1975, Kondratenko’s
group reported the first example of trifluoromethylthiolation of aryl diazonium salts
[13]. In this case, AgSCF, was served as trifluoromethylthiolating reagent to deliver
the corresponding trifluoromethylthioether in moderate yields. In 2000, Clark’s
group improved the reaction by using CuSCF; as the nucleophilic trifluoromethylth-
iolating reagent that generally occurred in higher yields [14]. Nevertheless, the
reaction was limited to aryl diazonium salts with electron-withdrawing groups
(Scheme 4.5). To further expand the scope of the reaction, Goossen’s group devel-
oped an alternative strategy for the preparation of aryltrifluoromethylthioethers
from aryl diazonium salts [15]. In this method, CuSCN instead of CuSCF,; was
initially allowed to react with aryl diazonium salts to give aryl thiocyanates, which
was then reacted with TMSCF; using Cs,CO, as the base to give the trifluo-
romethylthiolated arenes in good to excellent yields. This method was applicable
to a variety of arenediazonium salts regardless of whether the aryl group had the
electron-donating or -accepting substituted groups (Scheme 4.5).

More recently, Goossen and coworkers reported another method for the prepa-
ration of aryltrifluoromethylthioethers from aryl diazonium salts. In this method,
Me,NSCF; which was used as the nucleophilic trifluoromethylthiolating reagent,
reacted with both electron-rich and electron-poor aryl diazonium salts in excellent
yields when CuSCN was used as the catalyst [16]. Mechanistic studies suggest that
Me,NSCF, was served as a trifluoromethylthio radical source (-SCF;) in the reac-
tion. A single-electron-transfer (SET) process takes place between arenediazonium
salts and Me,NSCF; to generate -SCF; and an aryl radical, concurrently releasing



4.2 Nucleophilic Trifluoromethylthiolation

Clark’s work

N," SCF,
N . CuSCF, —MECN_ ™
~Z BF, N
SCF,

NH,
NO, 'BUONO, CuSCF,4 NO,
One-pot

Goossen’s work

=|=

TMSCF3 (2.0 equiv)
NaSCN (1.5 equiv)
N N," Cs,CO4 (2.0 equiv) - SCFs
R _— BF4_ CuSCN (0.5 equiv) RO
CH4CN, rt., 12 h
21 examples
up to 98% vyield

.
N2 Me4NSCF; (1.1 equiv) N SCFs3

R | "BF R |
= 4 MeCN, 1 h, 0 °C Z 25 examples

up to 82% vyield
“ 1 _N2

N .

N* “SCF SET .
N | ——— | gL Y~_ 'SCF,
1 _ ! _—

Scheme 4.5 Sandmeyer-type trifluoromethylthiolation.

nitrogen gas. The aryl radical then reacts with trifluoromethylthio radical to form
the aryltrifluoromethylthioether (Scheme 4.5).

4.2.2.3 Transition Metal-Catalyzed Trifluoromethylthiolation

One limitation of the methods for the preparation of aryltrifluoromethylthioethers
from CuSCF, with aryl halides or Sandmeyer-type trifluoromethylthiolation
with aryl diazonium salts is that both methods require the use of stoichiometric
amount of copper salt. In addition, the substrates in both reactions were limited
to activated aryl electrophiles such as aryl iodides, activated aryl bromides, or aryl
diazonium salts; unactivated aryl bromides or aryl chlorides were not suitable for
such a transformation. To overcome these limitations, Buchwald and coworkers
made a breakthrough in 2011 by employing palladium as the catalyst, which
enabled coupling a variety of aryl bromides including those with electron-donating
groups, with AgSCF, in the presence of 1.3equiv of Ph(Et);NI as an additive,
for the very first time [17]. The key for the success of such a cross-coupling
was the use of an electron-rich, sterically hindered alkyl phosphine Brettphos
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(dicyclohexyl[3,6-dimethoxy-2’,4’,6-tri(isopropyl][1,1’-biphenyl]]-2-yl] phosphine)
as the ligand (Scheme 4.6).

[(cod)Pd(CH,TMS),] (1.5 mol%) SCF,

Br % N
R.I A . AGSCF, BrettPhos (1.75 mol%) R
N (1.3 equiv) Ph(Et)sNI (1.3 equiv) ~

Toluene, 80 °C, 2 h

13 examples
up to 98% vyield

Scheme 4.6 Palladium-catalyzed coupling of aryl bromides with AgSCF;.

Later on, Schoenebeck and coworkers discovered that a dinuclear palladium(T)
complex was able to catalyze the same coupling reaction [18]. Not only aryl
iodides but also aryl bromides reacted with Me,NSCF; to give the corresponding
aryltrifluoromethylthioethers in high yields. Mechanistic studies showed that
the jodide-bridged palladium(I) dimer initially reacted with Me,NSCF; to give
trifluoromethylthio-bridged palladium(I) dimer, which then reacted with aryl
halides to give the target trifluoromethylthiolated arenes [18] (Scheme 4.7). Since
the Pd(I) catalyst is not air sensitive, it provides a considerable advantage over more
sensitive Pd(0)-catalyzed processes for practical applications.

|
Bu,P—Pd_—Pd-P'Bu,
N I Ve

X 5 SCF,
R©/ . Me,NSCF, (2 mol%) . R©/
(1.2 equiv)  Toluene, 80 °C, 12~15 h

27 examples
up to 99% vyield

X=1,Br

Scheme 4.7 Dinuclear palladium-catalyzed coupling of aryl iodides and bromides with
Me,NSCF;.

Not only palladium but also nickel was able to catalyze the reaction of aryl
halides with nucleophilic trifluoromethylthiolating reagents. The first such
nickel-catalyzed cross-coupling reaction was reported by Vicic and coworker in
2012 [19]. It was found that reactions of a variety of aryl iodides and bromides
with Me,NSCF; occurred smoothly at room temperature to give the corresponding
trifluoromethylthiolated products in moderate to excellent yields when a combi-
nation of Ni(COD), (COD = 1,5-cyclooctadiene) and 4,4’'-dimethoxybipyridine
(dmbpy) was used as the catalyst. Interestingly, reactions of aryl bromides with
electron-withdrawing groups occurred in low yields and aryl chlorides did not react
at all under these conditions (Scheme 4.8).

Notably, by switching the ligand from dmbpy to dppf, Schoenebeck and coworkers
realized the first example of nickel-catalyzed trifluoromethylthiolation of aryl chlo-
rides [20]. It was found that reactions of aryl chlorides with electron-withdrawing
substituents occurred in high yields while the reaction of aryl chlorides with
electron-rich substituents required the presence of MeCN as additive. The protocol
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Vicic’s work:
< SN
R _:()/ +  Me,NSCF, Py ° R
= (1.2 equiv) THF, r.t., 22 h Z
X=1,Br 14 examples

up to 92% yield
Schoenebeck’s work:
Ni(cod), (10 mol%)
cl dppf (10 mol% SCFy
RIL N + MeyNSCF3 il ) R{\:(
N~ (1.5 equiv) Toluene/CH,CN, =
45°C,12~15h 30 examples
up to 98% yield

Scheme 4.8 Nickel-catalyzed coupling of aryl halides with Me,NSCF,.

was then applied to the synthesis of a few trifluoromethylthiolated derivatives of
drug molecules (Scheme 4.8).

In addition, the same protocol was further extended to trifluoromethylthiolate
other substrates such as aryl and vinyl triflates or nonaflates with good to excellent
yields [21] (Scheme 4.9).

OTf/ONf Ni(cod), (10 mol%) SCE
r,"\/ % r'/\/ 3
FHJ i + Me,NSCF, dppf (10 mol%) RE
e (1.5 equiv) Toluene, 45 °C, 12~15 h S
32 examples

up to 97% yield

Scheme 4.9 Nickel-catalyzed coupling of aryl, vinyl triflates, or nonaflates with Me,NSCF,.

Nickel-catalyzed trifluoromethylthiolation could also take place in the absence of
ligand when a directing group was present at the ortho-position of the aryl halides.
In 2016, Love and coworkers discovered that aryl halides with an ortho-directing
group such as imine, amide, or oxazoline could react with AgSCF; using Ni(COD),
as the catalyst in the absence of any ligand [22]. The reaction occurred smoothly at
room temperature. Not only (hetero)aryl bromides but also (hetero)aryl chlorides
reacted to give the corresponding trifluoromethylthiolated (hetero)arenes in high
yields (Scheme 4.10).

Likewise, in the presence of a directing group, copper was also able to catalyze
trifluoromethylthiolative cross-coupling reaction of aryl halides with nucleophilic
trifluoromethylthiolating reagents. In 2014, Liu and coworkers reported the
Cu-catalyzed trifluoromethylthiolation of aryl bromides and iodides with a direct-
ing group such as amide, imine, and oxime, pyridyl, or ester [23]. The choice of the
nucleophilic trifluoromethylthiolating reagents was crucial for the transformation
since Me,NSCF, was not as effective as AgSCF,. A Cu(I/III) catalytic cycle was
proposed for the formation of aryl—SCF, bond (Scheme 4.11).
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DG ) DG
N Ni(cod), (10 mol%) S
| Py +  AgSCFa |

(2.0 equiv) THF, r.t. Y7 SCF,
X =Cl, Br 22 examples
Y=CH,N up to 95% yield
D

G: (6] O (6]
QJ\NHBn 3gku/\/OH {k\}
> HN

Scheme 4.10 Ligandless nickel-catalyzed ortho-selective directed
trifluoromethylthiolation of aryl chlorides and bromides using AgSCF;.

DG CuBr (10 mol%)
@[ . Phen (10 mol%) @[DG
X AGSCFS " eCN or DMF SCF,
r.t.to 140 °C

X=Br, | (1.5 equiv) 47 examples
up to 96% yield

Scheme 4.11 Copper-catalyzed trifluoromethylthiolation of aryl halides with directing
groups using AgSCF,.

Hypervalent iodide reagents were better electrophiles than aryl iodides in
cross-coupling. Based on this phenomenon, Anbarasan and coworker reported a
Cu-catalyzed trifluoromethylthiolation reaction using di(hetero)aryl-13-iodanes as
the electrophiles [24]. The reaction exhibited a broad substrate scope, and various
common functional groups such as nitrile, enolizable ketone, ester, nitro, and
even free carboxylic acid were compatible (Scheme 4.12). Mechanistic studies
showed that [(SPhos)CuSCF;] is initially generated upon mixing Cul, SPhos
(SPhos = 2-dicyclohexylphosphino-2’,6’-dimethoxylbiphenyl), and AgSCF,. This
species then reacts with Ar,IOTf in the presence of a silver salt to generate an ionic
copper(III) complex [(SPhos)Cu(SCF;)(Ar)]*X~, which then reductively eliminates
to give the corresponding trifluoromethylthiolated arene. The silver salt plays an
important role since, in the absence of silver salt, reaction of [(SPhos)CuSCF,] with
Ar,IOTf does not take place at all.

5 X Cul (20 mol%)
N X SPhos (20 mol%) - SCFs
R—- | R + AgscF, ———— =~ R
_ _ DMF, 50 °C, 12 h =
X = BF,, PFg, SbFg, OTs (1.1 equiv) 26 examples

up to 94% yield

Scheme 4.12 Copper-catalyzed trifluoromethylthiolation of hypervalent diaryliodonium
salts with AgSCF;.
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4.2.2.4 Oxidative Trifluoromethylthiolation

Copper-catalyzed oxidative functionalization of aryl boronic acids such as
Chan-Lam-Evans reaction [25] has emerged in the past two decades as a powerful
tool for C—X bond formation, and has found wide applications in organic synthesis
because of its mild reaction conditions. Such a reaction has also been extended into
aryl trifluoromethylthioether preparation. The first example of oxidative trifluo-
romethylthiolation was reported by Qing and coworkers in 2012 [26]. In this work,
L, CuSAr was initially generated in situ by the reaction of CuSCN, phen, elemental
sulfur, and aryl boronic acid. This species then reacted with Ruppert-Prakash
reagent TMSCF; in the presence of oxidant Ag,CO, to give the corresponding
aryl trifluoromethylthioethers at room temperature. The mild reaction allowed a
broad substrate scope of aryl boronic acids with many common functional groups
(Scheme 4.13). Nevertheless, heteroaryl boronic acids were not compatible with the
reaction conditions. Later on, this protocol was successfully extended to metal-free
oxidative trifluoromethylthiolation of alkynes [27] (Scheme 4.13). Interestingly, in
2017, Zhao et al. discovered that [(bpy)CuSCF;], which was prepared from CuF,,
TMSCF;, and sulfur in MeCN, a procedure described by Weng and coworkers,
reacted with a variety of aryl boronic acids in good to excellent yields using oxygen
as the oxidant [28].

Qing’s work:

CUuSCN (20 mol%) - 5CFs
. B(OH)2 Phen (20 mol%) R@/
R@/ . TMSCF; .+ S _
Z (

5.0 equiv) (3.0 equiv) K3POy, (3.0 equiv)

} 17 examples

AgzCO3 (2.0 equiv) up to 97% yield
KF (2.0 equiv)
DMF, air, r.t., 6 h

R—— + TMSCF; =+ Sg R——=—SCF;

(5.0 equiv) (6.0 equiv) 22 examples
up to 91% yield

Zhao'’s work:
Xy BOH): O, balloon B SCFy
R + (bpy)CuSCF3  —~ - R
= (1.2 equiv.) NMP, rt., 1h %
23 examples

up to 98% yield

Scheme 4.13 Oxidative trifluoromethylthiolation of aryl boronic acid or terminal alkynes
with TMSCF; and elemental sulfur.

Shortly after, Vicic and coworker developed a similar reaction using Me,NSCF,
as the nucleophilic trifluoromethylthiolating reagent [29]. In this reaction, aryl
boronic acids with both electron-withdrawing and -donating groups reacted
smoothly to give the corresponding aryl trifluoromethylthioethers in high yields.
Two examples of heteroaryl boronic acids such as 3-thiopheyl boronic acid and
dibenzo[b,d]|furan-4-ylboronic acid were also successfully trifluoromethylthiolated
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in good yields. The protocol was further extended to oxidatively trifluoromethylth-
iolate trans-vinyl boronic acids with retention of the configuration in moderate
yields (Scheme 4.14).

B(OH)2 _ SCF4
R CuOTf (1.0 equiv) R
dtbpy (1.0 equiv)
Me,NSCF3

+

or ; Cs,COg3 (1.2 equiv)
(1.3 equiv) 2V 3 SCF4
THF, air, r.t. RN~
B(OH
R BOH2 14 examples
up to 93% yield

Scheme 4.14 Copper-mediated trifluoromethylthiolation of aryl boronic acids with
Me NSCF,.

In 2013, Duan and coworkers reported oxidative trifluoromethylthiolation of aryl
boronic acids utilizing a combination of sulfur and CF,CO,Na as the nucleophilic
trifluoromethylthiolating source [30]. Nevertheless, high temperature was required
due to the difficulty in decarboxylation of CF,CO,Na (Scheme 4.15). Notably, one
example of heteroaryl boronic acid 4-pyridyl boronic acid was reported to react to
give 4-trifluoromethylpyridylthioether, albeit in low yield (30%).

CuSCN (1 equiv)
phen (1.0 equiv)
K3POy, (3 equiv)

B(OH) Ag,COg4 (2 equiv) SCF4
R + CFsCO,Na+  Sg - FL©/
(5equiv) (3equiv) DMF130°C,24h

17 examples
up to 85% yield

Scheme 4.15  Oxidative trifluoromethylthiolation of boronic acids with CF;CO,Na.

The above-mentioned oxidative trifluoromethylthiolating protocols typically
required stoichiometric copper salt or nucleophilic trifluoromethylthiolating cop-
per reagents. The first copper-catalyzed oxidative trifluoromethylthiolating method
was reported in 2017 by Cao and coworkers [31]. In this protocol, a combination of
10 mol% Cul and 20 mol% of bpy was used as the catalyst, and 1.5 equiv of AgSCF,
was used as the nucleophilic trifluoromethylthiolating reagent. A broad scope of
aryl boronic acids were investigated to give the desired aryl trifluoromethylth-
ioethers in moderate to good yields (Scheme 4.16). Specifically, two heteroaryl
boronic acids, benzo[b]thiophen-2-ylboronic acid and pyrimidin-5-ylboronic acid,
reacted to give the corresponding aryl trifluoromethylthioethers in 50% and 45%
yields, respectively.

4.2.2.5 Transition Metal-Catalyzed Trifluoromethylthiolation of Arenes via

C-H Activation

In the past two decades, transition metal-catalyzed C-H functionalization has devel-
oped into a general protocol for the late-stage functionalization of target molecules



4.2 Nucleophilic Trifluoromethylthiolation

Cul (10 mol%)
bpy (20 mol%)

B(OH .
R©/ (OH), . AgSCF, K,COj3 (2.0 equiv) o SCF3
(1.5 equiv) DMAc, 60 °C

air, 12 h

22 examples
up to 85% yield

Scheme 4.16 Copper-catalyzed oxidative trifluoromethylthiolation of boronic acids with
AgSCF,.

because it circumvents the use of prefunctionalized aryl halides and avoids the
generation of halogenated salt waste. Not surprisingly, transition metal-catalyzed
C-H trifluoromethylthiolation of arenes has also been investigated and two such
protocols have been reported in the literature.

In 2014, Huang and coworkers reported an example of ortho-pyridyl-directed
palladium-catalyzed trifluoromethylthiolation of aromatic rings [32]. In this
work, 10mol% Pd(OAc), was used as the catalyst and no ligand was required.
AgSCF, was used as the nucleophilic trifluoromethylthiolating reagent and Select-
fluor was used as the oxidant (Scheme 4.17). Under the optimized conditions,
many pyridyl-directed arenes with different substituents at different positions
of arenes were successfully trifluoromethylthiolated in high yields. Inter- and
intramolecular H/D kinetic isotope effects (KIEs) were studied and the large
kinetic isotope effect (KIE) suggests that the irreversible C-H palladation step is the
rate-determining step.

Huang’s work

Pd(OAc), (10 mol%)

R @DG Selectfluor (3.0 equiv) a D6
T AgSCF =+
Z >l " gotTs AcOH (5.0 equiv) Z > scF
(2.0 equiv DCE, 80 °C, 12 h 3
, ' 26 examples
Wang’s work up to 91% yield
- =
| [Cp*Col,], (5 mol%) |
NS . o ~
R X N . AgSCF, NaOPiv-H,0 (20 mol%) AL X N
ZSH (2.0 equiv) DCE, 100 °C, 24 h = SCF,
20 examples

up to 65% yield

Scheme 4.17 Oxidative trifluoromethylthiolation of C—H bonds.

A similar C-H trifluoromethylthiolation catalyzed by a cobalt catalyst was
reported in 2017 by Wang and coworkers [33]. With the assistance of a pyridyl
directing group, a variety of trifluoromethylthiolated aromatic rings were synthe-
sized in moderate yields under air (Scheme 4.17). A primary kinetic isotope effect of
ky/kp = 2.2 was observed. In addition, a deuterated substrate was subjected to the
reaction conditions and a significant amount of H/D exchange at the ortho positions
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of both starting material and product took place. The authors proposed that the
C-H activation is reversible and is the rate-determining step of the reaction.

4.2.2.6 Miscellaneous Methods for the Formation or Aryl

Trifluoromethylthioethers via Nucleophilic Trifluoromethylthiolating Reagents

Aryne is an important intermediate in organic chemistry due to its high reactivity
toward nucleophilic species. By taking advantage of the aryne’s high reactivity,
while at the same time utilizing the nucleophilicity of AgSCF,, Lee and coworkers
reported in 2013 a regioselective cascade trifluoromethylthiolative cyclization
reaction from the in situ-generated aryne intermediate from multi-alkyne sub-
strates [34]. The reaction was proposed to be initiated via a Ag(OTf)-catalyzed
Diels—Alder cyclization of bis-1,3-diyne to give an aryne intermediate, which might
be stabilized by the silver cation. This reactive species is then attacked by AgSCF,
to give arylated silver, which is then pronated to give the final product. With this
protocol, multifunctionalized aryl trifluoromethylthioethers could be generated
in good yields (Scheme 4.18). Further studies showed that not only 1,3-diyne but
also allene-enynes could generate the highly reactive aryne intermediate. It was
proposed that an Alder-ene type of reaction took place for the substrate bearing a
propargyl hydrogen, producing the aryne intermediate, which was then trapped by
AgSCEF, to give aryltrifluoromethylthioethers in moderate yields [35] (Scheme 4.18).

Lee’s work
1 R!
AgSCF3 R 5
=R (1.5 equiv) R2 R
Y, Toluene Y, Y,
Z—=—R? ’ A z SCF
90 °C z /<Ag+ 3
Y =NTs, Z=CH, o ) 10 examples
Y=CH,, Z=NTs R°=SiMeg 5 7] up to 85% yield
alkyl, H o ./ﬁ*
1_
o - R' = alkynyl 7z SCF3
>—(: z
7 H, AgSCF3 : X Ha
>—==—=—R' CF,CH,0H R
R? I
L R! - 5 examples
up to 75% yield
Hu’s work
AgSCF3 (3 equiv.)
MS csr (4 0 equiv) I (2 equiv) SCFs
R2 ‘ R2
oTf MeCN, rit., 8-24 h |
11 examples
up to 70 yield

Scheme 4.18 Trifluoromethylthiolation of aryne and allene-enyne intermediates.

Similarly, Hu and coworker developed a trifluoromethylthiolative functionaliza-
tion of arynes under mild conditions [36]. In this protocol, the in situ-generated
aryne from easily available 2-(trimethylsilyl)phenyl trifluoromethanesulfonate
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underwent Ag—S bond insertion to give an arylated silver intermediate, which
was then trapped by 1-iodophenylacetylene to give 2-iodophenyl trifluoromethylth-
ioether in good yield. The choice of a suitable trapping electrophile was crucial for
this transformation since it should be compatible with the strong basic conditions
for the generation of aryne (Scheme 4.18).

Diaryliodonium salts are another type of highly reactive electrophiles that are able
to react with a wide range of nucleophiles. In 2016, Rueping and coworkers reported
that CuSCF, reacted with unsymmetric (aryl)(mesityl)iodonium triflates to give
aryltrifluoromethylthioethers in good yields [37]. Notably, nitrogen-containing
heteroarylated hypervalent iodonium triflates could also be generated and
reacted under optimized conditions to give the desired products in good yields
(Scheme 4.19). It is worth mentioning that the side product mesityl iodide was
recovered in 91% yield and could be reused in the preparation of hypervalent
iodide substrates. The same method can be applied in trifluoromethylthiolation of
alkynyl(mesityl)iodonium triflates, which was reported by Zhang and coworkers
[38] (Scheme 4.19).

Rueping’s work

N
I N SCF;
R Y Mes CuscF, —DMF___ R Y

- ° X.. ,.Z
X\Y,Z OTf (1.5 equiv) 70°C,1.5h v

21 examples
up to 88% yield

Zhang'’s work

OTs ,
| Me.N F MeCN o
+ =
/ C4 SC? 8 rt,5-10min R SCFy
R (1.0 equiv)

14 examples
up to 80% yield

Scheme 4.19 Trifluoromethylthiolation of unsymmetrical A*-iodane derivatives.

In 2014, Wu and coworkers reported a method for the preparation of trifluo-
romethylthiolated isoquinoline derivatives from 2-alkynylbenzaldoxime substrates
[39]. It was proposed that in the presence of AgOT{, 2-alkynylbenzaldoxime cyclizes
to give an isoquinolinoxide intermediate, which is then activated by arylsulfonyl
chloride. Nucleophilic attack of the activated species by AgSCF, followed by
base-promoted dehydrosulfonylation generates 1-[(trifluoromethyl)thio]isoquin-
oline derivatives in good yields (Scheme 4.20).

Based on a similar mechanistic assumption, Qing and coworkers found that het-
eroaryl N-oxides could react with AgSCF, when a combination of Ts,0 and "Bu,NI
was used as the activator [40] (Scheme 4.20). In addition, Kuninobu’s group also
reported a similar protocol [41]. Rather than using Ts,0/"Bu,NI as the activator,
2,4-dinitrobenzenesulfonyl chloride was used as the activator to deliver the same
products in good yields (Scheme 4.20).

111



112 | 4 Introduction of Trifluoromethylthio Group into Organic Molecules

Wu’s work:
SCF4
\N/OH
1 AgOTf (10 mol%) N
R +  AgSCF3 R
A (15 equiv)  P-MeOCgH,SO,CI (1.5 equiv.) N R2
R2 K4PO, (4.5 equiv), DMA, 25 °C
12 examples
up to 90% yield
"SCF Base
SCFs 7\, SCF,
) ~
N f{l/o Activator :‘,“{I/O\A* N/O\A*
R —— | R —> | R!
= RZ = R2 _— RZ
Qing’s work:
1 N Ts,0 (1.5 equiv) X
3 P *  AgSCFs R! P
N (2.0 equiv) "Bu,NI (2.0 equiv) N7 >SCF,
- THF rt, 4 h O
24 examples

up to 87% yield

Kuninobu’s work:

R R .
< @ ¢ AGSCF 2,4-(NO,),CeH4SO,CI (1.1 equiv) %~ @\
R g 3 .
SN (105 equiv) MeCN, 25 °C, 16 h S g/ SCFy
I —
O_

17 examples
up to 90% yield

Scheme 4.20 Trifluoromethylthiolation of N-oxides.

4.2.3 Formation of C(sp*®)-SCF; by Nucleophilic
Trifluoromethylthiolating Reagents

4.2.3.1 Reaction of CuSCF; with Activated Alkylated Halides

Direct nucleophilic trifluoromethylthiolation of an alkyl electrophile by a nucle-
ophilic trifluoromethylthiolating reagent represents a general and straightforward
method for the preparation of alkyl-trifluoromethylthioethers. Yet, with a few excep-
tions, most of the substrates in the reported reactions at early times were limited to
activated electrophiles such as allylic halides, benzylic halides, or a-halo carbonyl
compounds. For example, early studies by Muetterties and coworkers showed that
reactions of Hg(SCF,), with allyl chloride afforded the trifluoromethylthioether in
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23% yield [3] (Scheme 4.21). Kolomeitsev et al. reported in 2000 that reaction of
TADA?*2SCF; (TADA = tetrakis(dimethylamino)ethylene) with benzylic chloride
or bromide in a mixed DMF/MeCN (DMF = N,N-dimethylformamide) solvent
gave the corresponding trifluoromethylthioethers in almost quantitative yields
[7a] (Scheme 4.21). Similarly, Weng and coworkers reported that the isolated
stable complex [(bpy)CuSCF,] reacted with a variety of benzylic bromides at
room temperature in excellent yields [12b]. Furthermore, they showed that
[(bpy)CuSCF,] was able to trifluoromethylthiolate a-bromoketone derivatives in
good yields [12c] (Scheme 4.21). Another example of such reaction was reported
by Cahard and coworker [42]. They found that reaction of Morita-Baylis-Hillman
carbonates with an in situ-generated nucleophilic trifluoromethylthiolating inter-
mediate from TMSCF;, elemental sulphur, and KF in the presence of 10 mol%
DABCO (1,4-diazabicyclo[2.2.2]octane) as the catalyst afforded the corresponding
trifluoromethylthioethers in good to excellent yields (Scheme 4.21).

Muetterties’s work:

_~_Cl & HySCFy), ——0ef o~ _SCFs

Reflux
23%
Kolomeitsev’s work:

Me:N  NMe, DMF:MeCN (1:10
©/\X + vt 2SCFy ° o, O/\SCFS
Me,N NMe, 0-20°C,0.5h

X =Cl, Br (0.6 equiv) 95% yield
Weng’s work:
Br MeCN SCF,
+ (bpy)CuSCF4 4“ 8h
(1.5 equiv)
15 examples
up to 98% vyield
? O
Br CH,Cl
N + (bpy)CUSCFy —— 222 5 N\ SCFy
P 50 °C R+ _
R =CN, NO,, CO,Me, OMe, OH, 24 exampk_es
NMe,, F, Cl, Br, and heteroary! up to 93% yield

Cahard’s work:
TMSCF5 (5.0 equiv)

Sg (6.0 equiv)

LG .
o EWG KF (10 equiv) - B EWG
DABCO (10 mol%)
DMF, 20 °C, 22 h SCF3
21 examples

up to 99% yield

Scheme 4.21 Trifluoromethylthiolation of activated alkylated halides using (L,)CuSCF,.
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4.2.3.2 Reaction of MSCF; with Unactivated Alkyl Halides

Nucleophilic trifluoromethylthiolation of unactivated alkyl halides is quite challeng-
ing since previous studies showed that MSCF; species were not good nucleophiles.
To solve this problem, Weng and coworkers discovered that by employing KF as
additive, [(bpy)CuSCF,] was able to react with primary alkyl bromides in MeCN
at elevated temperature (110 °C) to give the corresponding alkyl trifluoromethylth-
ioethers in good to excellent yields [12d]. Under the same reaction conditions, reac-
tion with alkyl chlorides or secondary bromides did not occur at all, while reactions
of secondary iodides occurred in moderate yields (Scheme 4.22).

KF (1.7 equiv)
Alkyl—X + (bpy)CuSCF4 Alkyl—SCF4
X =Br, | MeCN, 110 °C, 15 h

25 examples
up to 99% yield

Scheme 4.22  Trifluoromethylthiolation of unactivated alkyl halides using (bpy)CuSCF;.

Shen and coworkers adopted another approach to trifluoromethylthiolate alkyl
electrophiles [43]. It was found that reaction of alkyl bromides with AgSCF; in the
presence of 1.3 equiv of nBu,NI in acetone after 24 hours at 80 °C afforded the corre-
sponding alkyl trifluoromethylthioethers in excellent yields, while reactions of alkyl
tosylates required the reaction temperature to be increased to 100 °C. Reactions of
alkyl chlorides were more challenging and a combination of two different ammo-
nia salts (nBu,NI and nBu,NBr) was necessary to promote the reaction to give the
desired products in good yields (Scheme 4.23). Under these conditions, reactions of
secondary alkyl halides or tosylates did not occur at all.

"Bu,NI (1.3 equiv)
R-Br + AgSCFs R-SCF,
Acetone, 80 °C, 3-24 h

18 examples
up to 99% yield

"BuyNI (2.0 equiv)

"Bu,NBr (2.0 equiv)
R-Cl + AgSCF, R-SCF,
THF, 80 °C, 15 h

11 examples
up to 95% yield

"Bu,NI (2.0 equiv)
R-OTs * AgSCF3 R-SCF,
MeCN, 100 °C, 6 h

10 examples
up to 95% yield

Scheme 4.23  Trifluoromethylthiolation of unactivated alkyl halides using AgSCF.

4.2.3.3 Nucleophilic Dehydroxytrifluoromethylthiolation of Alcohols

An alternative method for the preparation of alkyl trifluoromethylthioethers
is dehydroxytrifluoromethylthiolation of alcohols. The first dehydroxytri-
fluoromethylthiolation was reported almost concurrently by Rueping, Qing,
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and their coworkers. In 2014, Rueping and coworkers reported that in the presence
of a Lewis acid BF;-OEt,, allylic and benzylic alcohols reacted with CuSCF,
to give the corresponding alkyl trifluoromethylthioethers in good yields [44].
When optically pure allyl or benzylic alcohols were used, racemic products were
observed. Based on these observations, an Syl-type mechanism was proposed
(Scheme 4.24). Based on this discovery, Liang’s group reported a silver-mediated
cascade cyclization/trifluoromethylthiolation of propynols when BF;-OEt,
was employed as activator and AgSCF; as the trifluoromethylthio source [45]
(Scheme 4.24). In 2018, Lebceuf’s group found that the same protocol can be applied
to trifluoromethylthiolate 3-hydroxyisoindolinone derivatives [46] (Scheme 4.24).

Rueping’s work

OH BF3-Et,0 (2.0 equiv) SCF3
4\ , + CuSCFs -
R R R (1.5 equiv) MeCN (R = aryl) R
MeCN/CH,Cl, (1:4) (R = allyl) Up to 99% yield
Liang’s work rt,0.5-2h

AgSCFj; (1.2 equiv)
BF3-Et,0 (1.5 equiv)

CH4CN, rt., 0.5 h

SCF3
Up to 99% yield

Leboeuf’s work
o 0
P BF3-Et,0 (4.0 equiv) P
% N-R + CuSCF; L N-R
e (2.0 equiv)  MeCN, r.t.,, 24-40 h e
OH SCF;

Up to 92% yield

Scheme 4.24 MSCF,/BF;-OEt, (M = Ag or Cu)-Mediated
dihydroxyl-trifluoromethylthiolation of alcohols.

In 2015, Qing and coworkers reported an alternative approach to trifluoro-
methylthiolate alcohols [47]. The approach was based on the previous observation
that trifluoromethylthio anion underwent easy decomposition to generate fluoroth-
iophosgene, which would react with alkyl alcohol to form a reactive intermediate
carbonofluoridothioate. Nucleophilic substitution of this intermediate with the
trifluoromethylthio anion generated the corresponding alkyl trifluoromethylth-
ioether. In this approach, the use of nBu,NI as additive was crucial. Not only
primary alkyl alcohols but also secondary alkyl alcohols all reacted to give the
desired products in moderate yields (Scheme 4.25). In addition, other substrates
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such as enols, allylic alcohols, and propargylic alcohols can also be converted to the
corresponding products in high yields [48, 49]. Particularly, in the case of allylic
alcohols and propargylic alcohols, Sy 2’-type products were afforded (Scheme 4.26).

Activator

AgSCF4 > "SCF,
Bu,NI
RIS o NF 1 “sCF, j\CFs
= 1 3
l R‘iz\*:‘3 Rl ™
Up to 90% yield
S

7 OH s

T 1
R? R%/\ oAlr SCFs | R Zscr,
R? R?

Up to 85% vield

Scheme 4.25 Direct dehydeoxyltrifluoromethylthiolation of alkyl alcohols and enols.

4.2.3.4 Nucleophilic Trifluoromethylthiolation of Alcohol Derivatives

Another approach for the preparation of alkyl trifluoromethylthioethers is to tri-
fluoromethylthiolate the activated alkyl electrophiles other than alkyl halides. For
example, You and coworkers reported that allylic carbonic ester was successfully
trifluoromethylthiolated in the presence of a ruthenium catalyst [50]. The reaction
was highly selective to give linear allylic trifluoromethylthioethers, likely due to its
thermostability (Scheme 4.27).

In 2017, Ma, Cahard, and coworkers reported that Me,NSCF,; was able to react
with 1,2- and 1,3-sulfamidates under mild conditions [51]. The reaction was highly
regio- and stereoselective and allowed to easily get access to optically active - and
y-trifluoromethylthiolated amines and a-amino esters (Scheme 4.28).

4.2.3.5 Nucleophilic Trifluoromethylthiolation of a-Diazoesters

a-Diazoesters are easily available and high reactive electrophiles that can readily
form electrophilic metal-carbene intermediate in the presence of a copper(I) or
palladium(II) catalyst, which can be further applied in migratory insertion with
different nucleophilic species to access a wide range of different functionalized
compounds. Two approaches for the reactions of a-diazoesters with CuSCF, were
reported under similar reaction conditions by two teams. The first team, led by Jinbo
Hu, reported that reaction of a-diazoesters with CuSCF;, which was in sifu generated
from CuCl and AgSCF;, occurred after the solvent was mixed with certain amount
of H,O at room temperature. Under these conditions, a-trifluoromethylthiolated
esters were synthesized in high yields [52]. The addition of water was crucial to
high conversion since the yield decreased significantly in the absence of water. It
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(0]

Ar/4§7:ju\ﬂ

SCF,

26 examples
up to 92% yield

AgSCF, Activator “SCF,

Bu,NI
OH O
S -
A R (0]
A [ 5 T
F~>0 O 3 N R
AI’)WHLR SN2, SCF
S /
£+
FXF OH
Ar/\ s 1
A O)kF "SCF;4 A
| Ar \'\/SCFS
Ar/‘\% Sn2’ ]

Ar
\SE\\/SCF3

Scheme 4.26 S, 2’-type dehydeoxyltrifluoromethylthiolation of allylic and propargylic
alcohols.

OCO,Me
2 PR | 1R, csscry |
N (2 mol%) jiF;
AN + =
CSSCF‘3 CH4CN, 50 °C R SCF4 R
(2.0 equiv) 17 examples

up to 91% yield

Scheme 4.27 Ruthenium-catalyzed regioselective allylic trifluoromethylthiolation.

was proposed that after migratory insertion, a copper enolate intermediate was
formed. Quenching this species with water gave a-trifluoromethylthiolated ester. A
second team led by Jianbo Wang developed the same reaction independently [53].
The only difference between the two approaches is that the reaction was quenched
with an aqueous solution of NH,Cl in Wang’s approach (Scheme 4.29).
Interestingly, one month later, Rueping and coworkers reported the same reaction
for the hydrotrifluoromethylthiolation of a-diazoesters [54]. Again, H,O was added
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N7

hd .
BocN o . Me4NSCF3 1. CHSCN, 25°C BocHN SCF3
In 2.20% aq. H,SO0, n
R in CH,Cl, R

Up to 99% vyield

Scheme 4.28 Trifluoromethylthiolation of cyclic sulfamidates.

SCF3
CuSCFj3 (from CuCI/AgSCF3) R COOR?
Hu’s work Up to 87% yield
SCF3
CuSCF; (from Cul/AgSCFj)
° O R cooR?
N, Wang's work Up to 86% yield
R‘J\COORz CUSCF R. SCF;
2 Ar” “COOR?2
Rueping’s work o/ i
(R = H, SCFs) Up to 86% yield
SCF3
CUSCN, Me4NSCF3
) R'" “COOR?
Goossen’s work
Up to 98% yield

Scheme 4.29 Trifluoromethylthiolation of diazoesters via copper carbene migratory
insertion.

as an additive to promote the reaction. In addition, bis-trifluoromethylthiolated
esters could be obtained if N-trifluoromethylthiophthalimide was used to quench
the enolate intermediate (Scheme 4.29).

Nevertheless, the above-mentioned methods required stoichiometric amount of
CuSCF;. The first copper-catalyzed trifluoromethylthiolation of a-diazoesters and
a-diazoketones was reported by Goossen and coworkers in 2016 [55]. It was found
that the reaction of a-diazoester with Me,NSCF; in the presence of 10 mol% CuSCN
occurred smoothly at room temperature to give a-trifluoromethylthiolated esters in
high yield. Furthermore, switching the nucleophile from Me,NSCF, to Me,NSeCF,
led to the formation of a-trifluoromethylselenolated esters and ketones in good
yields (Scheme 4.29).

4.2.3.6 Formation or Alkyl Trifluoromethylthioethers via In Situ Generated
Nucleophilic Trifluoromethylthiolating Reagent

Most of the nucleophilic trifluoromethylthiolating reagents discussed in Section
4.2.3 were stable and isolable reagents that could be prepared and stored for
later use. Alternatively, nucleophilic trifluoromethylthiolating reagent can be
generated in situ from a stable trifluoromethylthiolated precursor. In 2013,
Zard and coworker reported that trifluoromethylthiolcarbonate reacted with
KF in a mixed solvent THF/H,O to generate trifluoromethylthio anion, which
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reacted with a-bromoketones or gramine derivatives to give the corresponding
trifluoromethylthiolated compounds in excellent yields [56] (Scheme 4.30).

NMe,
R N—R2 SCF;,
N
H R1 \ R2
N
THF, r.t. H
o Up to 97% yield
F3CS” ~OCqgHyy 0
R J\/ Br 0]
s SCFs
KF, pyrrolidine .
THF/HZO, 0°C Up to 93% yield
Scheme 4.30 Nucleophilic trifluoromethylthiolating reagent and its applications.

In 2015, Shi and coworkers applied this strategy for regioselective trifluo-
romethylthiolation of Morita-Baylis-Hillman carbonates [57]. Furthermore, in the
presence of an optically tertiary amine catalyst, introduction of difluoromethylthio-
lated fragment was also achieved [58] (Scheme 4.31).

o) O
o,
F3CSJ\OC18H27 DABCO (20 mol%) R1YL R2  Up to 96% yield
Up to 50:1 regioselectivit
. THF, rt, 2h scF, P g y
DABCO (20 mol%) SCF40

OBoc O up to 84% vyield

)\”/U\ 5 CHClg, 0°C, 10 h R! R?  up to >99:1 regioselectivity
R? R

o} N
L DABCO (20 mol%) F |
F,CS” ~OCygHy, K2COj3 (10 equiv) - CO,Me
+ EtOAc, r.t., 1-3d N
R2
BocO CO,Me
; Up to 93% yield
R o 80-88% ee
N
R2

Scheme 4.31 Nucleophilic trifluoromethylthiolation of Morita-Baylis—Hillman
carbonates.
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4.2.3.7 Formation of Alkyl Trifluoromethylthioethers via C—H Bond
Trifluoromethylthiolation

C-H activation and further functionalization represents a straightforward and
atom-economic approach for the construction of C—C and C—X bond. Acti-
vation of aliphatic C—H bond for trifluoromethylthiolation was also feasible.
Qing and coworkers reported a copper-catalyzed oxidative trifluoromethylth-
iolation of benzylic C—H bond in 2014 [59]. In this protocol, copper(l)
thiophene-2-carboxylate (CuTc) was used as the catalyst and a peroxide ester
tert-butyl 3-(trifluoromethyl)benzoperoxoate was used as the oxidant. The reaction
occurred smoothly at 80 °C for 16 hours to give the benzylic C—H bond oxidative
trifluoromethylthiolated products in moderate to good yields (Scheme 4.32). The
trifluoromethylthiobenzylethers were further oxidized to sulfone derivatives under
mild conditions. Several other methods involving radical type of alkane C-H
trifluoromethylthiolation have also been developed, which will be discussed in
Section 4.4.

CuTc (0.4 equiv)

H - f i
R@/\ . AGSCR, (3-CF3) BzOO!BuU (2.0 equiv) . SCF,
KCI (1.0 equiv)

80°C,12h

20 examples
up to 92% vyield

Scheme 4.32 Copper-catalyzed oxidative trifluoromethylthiolation of benzylic C—H bond.

4.3 Electrophilic Trifluoromethylthiolating Reagents

Reaction of a nucleophile with an electrophilic trifluoromethylthiolating reagent
represents an alternative broadly applicable method for the construction of
carbon—SCF; bond. The first two electrophilic trifluoromethylthiolating reagents
CF,;SSCF; and CF;SCI were reported in the 1950s. Yet, the high toxicity of both
reagents limited their broad applications. In the next close to 50 years, no new highly
reactive electrophilic trifluoromethylthiolating reagents were invented. Until 2008,
Billard, Langlois, and their coworkers reported a highly reactive electrophilic tri-
fluoromethylthiolating reagent PhN(Me)SCF, that could be readily prepared from
diethylaminosulfur trifluoride (DAST). In the next 10 years, a variety of shelf-stable,
scalable, and easy-to-handle electrophilic trifluoromethylthiolating reagents with
even higher reactivities appeared and these developments are summarized in this
section (Scheme 4.33).

431 CF,SCl

Trifluoromethanesulfenyl chloride (CF,;SCl) was prepared by ultraviolet light
irradiation of CF;SSCF;. An improved procedure for the preparation of
CF;SCl was reported by Emeléus and Nabi [60] in 1960 by reaction of triflu-
oromethanesulfenamide (CF,SNH,) with dry hydrogen chloride in a sealed
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R o R Q.0 000/
2 \‘I X \S/ \S/
i il N-SCF, OSCF, N-SCF3 Ph”~"N"""Ph
~ SCF4
e} o)
Haas, 1996 R=H,I
Munavalli, 2000 Shen and Lu, 2013 Shen, 2014 Shen and Lu, 2016
R 0 R
| Me R
N . SO,CF,4
- N. Ph)J\H/ N.
©/ SCFs 15 Mescr, I " SCF,
/S\\
o ©
R=H, Me R=IPh, N R = OMe, H, Cl
Billard, 2008 Billard, 2014 Shibata, 2013 Shen, 2017

Scheme 4.33 Different types of stable electrophilic trifluoromethylthiolation reagents.

tube at room temperature to afford CF;SCl in 97% yield. CF,SCl was a highly
reactive electrophilic trifluoromethylthiolating reagent that reacts with various
nucleophiles, such as electron-rich (hetero)arenes, active methylene carbony-
lated compounds, organometallic reagent, silyl enol ether, and enamine [61]
(Scheme 4.34). The reactions were generally conducted at low temperature
to ensure chemoselectivity and prevent over-trifluoromethylthiolation. It was
reported that CF,SCl is highly toxic with an L(ct)50 of between 440 and
880 ppm/min [62], thus significantly limiting its broad applications in organic
synthesis.

4.3.2 CF,SSCF,

CF,SSCF, was first prepared by Haszeldine and Kidl in 1953 by the reaction of
CS, and pure iodine pentafluoride (IF;) at 60-200 °C [63]. Compared with CF,SCl,
CF,SSCF, showed much lower electrophilicity. In the early years, a few limited
examples for nucleophilic trifluoromethylthiolation of CF;SSCF, with active car-
bon nucleophile as well as heteroaryl lithium reagent were reported [64]. With an
L(ct)50 of 2200 ppm/min, CF;SSCF, is highly toxic, and extreme care is required for
its use [62].

In 2012, Daugulis and coworkers reported a copper-mediated directed arene ortho
C—H bond trifluoromethylthiolation reaction. In this case, 8-aminoquinoline was
found to be the directing group. Interestingly, 2,5-bis-trifluoromethylthiolated arene
was obtained as the main product, while monotrifluoromethylthiolated product was
not observed [65] (Scheme 4.35).

4.3.3 Haas Reagent

In 1996, Haas and Méller reported that reaction of silver succinimide with CF;SC1
generated N-trifluoromethylthiosuccinimide (Haas Reagent), even though the
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FSCS\O
Cl a OMe
SCF,
F4CS SCF,
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Scheme 4.34  Electrophilic trifluoromethylthiolation using CF;SCL

O H Cu(OAG), (0.5 equiv) O SCF,
N CF,SSCF (2.0 equiv) \
| o H R DMso,90-~110°C,4~14h | H R
Z H = F4CS
Up to 76%

Scheme 4.35 Auxiliary-assisted trifluoromethylthiolation using CF;SSCF,.

reactivity of the reagent was not investigated, likely due to the use of toxic CF;SCl
for its preparation [66]. In 2014, Shen and coworkers reported an improved method
for the preparation of N-trifluoromethylthiosuccinimide by reaction of AgSCF,
with N-bromosuccinimide in acetonitrile at room temperature [67]. Furthermore,
the same group demonstrated that N-trifluoromethylthiosuccinimide could be used
in the palladium-catalyzed ortho-directed C-H activation and trifluoromethylthi-
olation of arenes when 10 mol% Pd(CH;CN),(OTf), was used as the catalyst [68]
(Scheme 4.36).

Utilizing the Haas reagent as the electrophilic trifluoromethylthiolating source,
Du and coworker [69] reported a bifunctional squaramide-catalyzed one-pot
trifluoromethylthiolative Michael/aldol cascade cyclization reaction for the con-
struction of trifluoromethylthio-substituted spirocyclopentanone-thiochromanes.
The enantioselectivity of the reactions was up to 99% ee (Scheme 4.37).
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0O O
CF3Cl
Haas, 1996 N-Ag - N—-SCF3
0] o}
O
N—-SCF3

o}
(4.0 equiv)
H  Pd(CHLCN)4(OTf),(10 mol%)
AcOH, 110 °C, 24 h

Scheme 4.36 Palladium-catalyzed trifluoromethylthiolation of aryl C—H bonds.

0
o)
CO,R! N-SCF,
Ar/%é/ 2 - ?Hz‘”“/’c_ CO2R1
° I SCF,
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\©: CH,Cly, ~10 °C to r.t. Ar
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AcO NH HN.,
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Scheme 4.37 Enantioselective squaramide-catalyzed
trifluoromethylthiolation-Michael/aldol cascade reaction.

4.3.4 Munavalli Reagent

In 2000, Munavalli et al. [70] reported the preparation of electrophilic triflu-
oromethylthiolating reagent N-trifluoromethylthiophthalimide, which is now
called Munavalli reagent, by reaction of silver phthalimide with CF,SCI. Initial
studies showed that N-trifluoromethylthiophthalimide is a good electrophilic
trifluoromethylthiolating reagent since it reacted with enamines to give the
a-SCF;-substituted carbonyl compounds in 88% yield. However, the reagent seems
to have been forgotten by researchers in the next 10 years, largely due to, again, the
use of toxic CF,SCl in its preparation (Scheme 4.38).

In 2014, two new methods for the preparation of N-trifluoromethylthiophth-
alimide were reported almost at the same time. The first method was reported by
Rueping and coworkers [71] by reaction of N-chlorosuccinimide (NCS) with CuSCF,
in acetonitrile at room temperature, while the second method was reported by Shen
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O 0O
CF4Cl
Munavalli N-K ————> N-SCF3
0] (@)
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O N-SCF4
N o 0]

- SCF,
CH4CN, 25°C, 2d

n n

Scheme 4.38 Preliminary trifluoromethylthiolation attempts by Munavalli group.

and coworkers by reaction of N-bromophthalimide with AgSCF, in acetonitrile at
room temperature [67]. In both cases, close to quantitative yields for the formation
of N-trifluoromethylthiophthalimide were observed. The ease of preparation of the
shelf-stable electrophilic reagent N-trifluoromethylthiophthalimide significantly
boosts its use as electrophilic trifluoromethylthiolating reagent for the introduction
of the trifluoromethylthio group (Scheme 4.39).

O
CuCF4
- N_
Rueping’s method Cl CHACN, rt, 3 h
o) 90%
N-SCF3
O 7
AgCF3 ©
Shen’s method N—Br
o}

CHLCN, r.t, 3h
93%

Scheme 4.39 Modified preparation of N-(trifluoromethylthio)phthalimide by Rueping and
Shen group.

In 2013, Rueping and coworkers reported an organo-catalyzed asymmetric
trifluoromethylthiolation of p-ketoesters with N-trifluoromethylthiophthalimide
using quinidine as the catalyst. Under optimized conditions, various f-ketoesters
derived from indanone, tetralone, or non-phenyl fused p-ketoesters could be trifluo-
romethylthiolated in high yields and excellent enantioselectivity [72]. Later on, the
same group extended the asymmetric trifluoromethylthiolation reaction to 3-aryl
oxindoles using (DHQD),Pyr (2,5-diphenyl-4,6-bis(dihydroquinidine)-pyrimidine)
as the catalyst [73]. The reaction occurred smoothly in toluene at —10 °C in excellent
yields and enantioselectivity (Scheme 4.40).

In 2014, the research groups of Rueping [71] and Shen [67] independently
reported the copper-catalyzed coupling reaction between aryl boronic acids and
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‘ 2 T SCFs
o COzR Quinidine (10 mol%) R T CO.R2
~ n CH,Cl,, —75 °C ~ n =2
46~98% yield
85~99% ee
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Scheme 4.40 Asymmetric trifluoromethylthiolation using
N-(trifluoromethylthio)-phthalimide.

N-trifluoromethylthiophthalimide under similar reaction conditions. The reactions
offered a general method to access a broad range of trifluoromethylthiolated arenes
(Scheme 4.41). In 2019, Knochel and coworkers discovered that in the presence
of catalytic amount of Cu(OAc),-H,0, arylzinc chlorides were able to couple with
N-trifluoromethylthiophthalimide to give trifluoromethylthiolated arenes in high
yields [74].

0 Rueping’s method
CuCl (10 mol%)
bpy (20 mol%)
K>COj3 (2.0 equiv)
o) DME, 45 °C r./\/SCFa
N R—
Cul (10 mol%) S
Xy~ B(OH)2 tBu-bpy (5 mol%)
R i K,CO5 (2.0 equiv)
e Diglyme, 60 °C
Shen’s method

N-SCF,

Scheme 4.41 Cross-coupling reaction between boronic acids and
N-(trifluoromethylthio)phthalimide.

Even though N-trifluoromethylthiophthalimide is a reactive electrophilic
trifluoromethylthiolating reagent, Friedel-Crafts type of trifluoromethylthio-
lation of electron-rich arene represents a challenging task. In 2015, Glorius
and coworkers [75] discovered that when NaCl was used as an additive,
Friedel-Crafts trifluoromethylthiolation of pyrroles, indoles, and azaindoles
with N-trifluoromethylthiophthalimide was successfully realized. It was proposed
that NaCl might first react with N-trifluoromethylthiophthalimide to in situ
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generate highly active CF,;SCl, which would then undergo Friedel-Crafts trifluo-
romethylthiolation with arene. Nevertheless, the presence of CF;SCl in the reaction
mixture was not detected and the role of NaCl remains elusive (Scheme 4.42).

o)
N-SCF,
. . SCF;
0 S g
Ry ~N Wy ~N
M NaCl (10 mol%) M

DMF, r.t., 60 °C, 24 h Up to 96% yield

Scheme 4.42 NaCl-catalyzed trifluoromethylthiolation of N-heteroarenes.

Another application of N-trifluoromethylthiophthalimide for the formation
of trifluoromethylthiolated arenes is the palladium-catalyzed C-H trifluo-
romethylthiolation. Besset and coworkers reported that in the presence of
10mol% PdCl,, arene with a 5-methoxy-quinolyl directing group underwent
ortho-trifluoromethylthiolation with N-trifluoromethylthiophthalimide using air
as the oxidant [76]. The same protocol could be applied to trifluoromethylth-
iolate 5-methoxy-aminoquinoline directed acylamide in excellent regio- and
stereoselectivity (Scheme 4.43).

80 °C (@]
R2=H Ar
R2 | NHQ
Q P SCF,
W % N | _ I Z-Isomer only
R1—'LL /:fJ\H Nx | N7SCFs @
N | o
= NHMQ
120 °C R |
R2 = OMe SCF4

Scheme 4.43  Trifluoromethylthiolation of olefinic and aromatic derivatives.

Soft carbon nucleophiles such as enolates are known to react with a variety of elec-
trophiles. Cahard and coworkers reported that enolate with Evans auxiliary reacted
with N-trifluoromethylthiophthalimide to give a-trifluoromethylthiolated products
in good to excellent diastereoselectivity [77] (Scheme 4.44). Likewise, Besset and
coworkers found that using DABCO as the base, a-chloroaldehydes reacted with
N-trifluoromethylthiophthalimide to afford a-trifluoromethylthio chloroaldehydes
in moderate to good yields [78]. Very recently, Hu and coworkers were able to convert
carboxylic acids to trifluoromethylthioesters when the carboxylic acids were treated
with N-trifluoromethylthiophthalimide in the presence of a Lewis acid catalyst and
stoichiometric amount of PPh, [79].
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o)

o o N—SCF, 5
R\)LN//(O o) R\;)LNJ(O
Ph/\\/ LIHMDS (1.20 equiv) éCFy\/

THF, -78°C, 7 h Ph

Scheme 4.44 Trifluoromethylthiolation of chiral oxazolidinones.

Several other nucleophiles including heteroatom nucleophiles could also
react with N-trifluoromethylthiophthalimide to give the corresponding trifluo-
romethylthiolated compounds. For example, Rueping and coworkers reported
that N-trifluoromethylthiophthalimide can react with alkynes in the presence of a
copper catalyst to give alkynyl trifluoromethylthioethers in good yields [71], while
reactions with thiols, thiophenols, and amines did not need the copper catalyst [80]
(Scheme 4.45).

R—=—H R—==—SCF,

\/ 51~95%

R-SSCF,
48~86%

R-NHSCF,
41~85%

R-NH,

Scheme 4.45 Other works by Rueping group.

Further studies showed that N-trifluoromethylthiophthalimide could also
react with alkenes. In 2015, Wang and coworkers first demonstrated that
N-trifluoromethylthiophthalimide reacted with a,p-unsaturated ketones or
esters using DABCO as the base to give trifluoromethylthiolated bifunction-
alized products in good yield [81]. Interestingly, when the nitro-substituted
N-trifluoromethylthiophthalimide was used under the same reaction conditions,
the yields of the reaction increased significantly (Scheme 4.46). Likewise, Yang
and coworkers reported an iron-catalyzed chloro-trifluoromethylthiolation of
alkenes with N-trifluoromethylthiophthalimide in the presence of 2.0equiv of
SOCI, [82]. The scope of the alkenes was broad enough to cover a wide range of
electron-deficient, aromatic, and unactivated alkenes. Mechanistic studies showed
that CF;SCl was initially formed upon mixing N-trifluoromethylthiophthalimide
with SOCI,. In the presence of Fe,0,, a radical addition of CF,SCI took place to
give the corresponding addition products.
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O
X
N—SCF3 CFs
/
O S O
Y O X ﬂ
A X = H, NO, N y
(6]

Y =R. OR DABCO (0.5 equiv) o)

CHLCN, rt, 40h 45-93% yield

Scheme 4.46 DABCO-promoted aminotrifluoromethylthiolation of o,p-unsaturated
carbonyl compounds.

N-Trifluoromethylthiophthalimide can act not only as electrophilic trifluo-
romethylthiolating reagent but also as radical trifluoromethylthio reagent; the
related work is discussed in Section 4.4.

4.3.5 Billard Reagent

In 2008, Billard, Langlois, and coworkers reported two easily available, shelf-stable
electrophilic trifluoromethylthiolating reagents PANHSCF, and PhN(Me)SCF,; that
are now called Billard reagent. PhANHSCF; was prepared from the reaction of DAST
and Ruppert-Prakash reagent using N,N-diisopropylethylamine (DIEA) as the base,
followed by the addition of aniline [83]. PANHSCF, was then further methylated
with Mel to give PAN(Me)SCF,. Initial studies showed that both are reactive triflu-
oromethylthiolating reagents toward highly reactive nucleophiles such as Grignard
reagent and alkynyl lithium. On being activated by a Lewis or Bronsted acid, the
first generation Billard reagent was able to trifluoromethylthiolate less nucleophilic
substrates such as alkenes [84], alkynes [85], electron-rich arenes [86], and amines
[87] (Scheme 4.47).

The choice of Lewis acid or Brensted acid is crucial for the reaction of Billard
reagent with the nucleophiles. In 2012, Qing and coworkers discovered that
in the presence of TsOH-H,O (Ts = Tosyl), reaction of tryptophan derivatives
with PhNHSCF; gave tandem intramolecular cyclization trifluoromethylthiola-
tion products, which introduced the trifluoromethylthio group at 4-position of
indole moiety, while C-2 trifluoromethylthiolated product was obtained when
BF;-Et,O was used as the activator [88]. In addition, the same group found that
for allylic trifluoromethylthiolation of allylsilanes with PhN(Me)SCF;, using
acetyl chloride as the activator was beneficial [89]. Likewise, Liu and cowork-
ers reported pyridine-directed Pd-catalyzed C-H trifluoromethylthiolation of
arenes using Billard reagent [90]. In this case, benzoyl chloride was used as
the activator. Similarly, Cao and coworkers adopted the same strategy of using
acetyl chloride as the activator to achieve a-trifluoromethylthiolation of var-
ious acyclic and cyclic ketones [91]. Finally, Tu and coworkers applied this
strategy for the trifluoromethylthiolative semi-pinacol rearrangement of allylic
silyl ethers to give p-SCF,-substituted carbonyl compounds in high yields [92]
(Scheme 4.48).
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TMSCF,
(1.0 %quiv) 1. DIEA (1.0 equiv) H Mel Me
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Scheme 4.47 Preparation and reactions of first generation of Billard reagent.
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Scheme 4.48 Trifluoromethylthiolation under the activation of acid or acyl chloride using
the first generation of Billard reagent.
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In 2017, Qiu, Sheng, and coworkers reported that using 4-methylbenzenesulfonic
acid (p-TsOH) as the activator, PANHSCF; was able to react with in situ-generated
sulfinates from sulfonyl chloride to give trifluoromethylthiolsulfonates in high yields
[93] (Scheme 4.49).

H
Na,SOs3 (2.0 equiv) _N. 0 0
0,0  NaHCOj, (2.0 equiv) ?S.) Ph" SCF, Qg
R CI H,0, 80 °C R"~ONa TsOH R "SCFs
(2.5 equiv)

Scheme 4.49 One-pot reaction of sulfonyl chloride and Billard reagent.

Not only the commonly used Lewis or Brensted acid, BiCl; can also be used
as an activator to activate Billard reagent. Utilizing BiCl; as the activator, Wu
and coworkers developed a series of tandem trifluoromethylthiolative cyclization
reactions to construct various trifluoromethylthio-substituted scaffolds, such as
benzo[e][1,2]thiazine 1,1-dioxide [94], indole [95], benzofuran [96], benzothio-
phene [96], and benzopyran derivatives [97]. In addition, alkynylsilicon substrate
[98] can also be successfully trifluoromethylthiolated under these conditions
(Scheme 4.50).

SO,NHR? gz
— . “NR2
AN ) N\ Ri
R SCF,
X X=NMe,, ,
SMe,
oM — - DR Y=NMe,
AN o S
H SCF;
N
R? Ph~ SCF, -
L | mws
1 T — R2
X RzR X~ R
X =0, C, NTs X =0, C, NTs
SCF
™S 3
=
g ©/

Scheme 4.50 Wu'’s work using the first generation of Billard reagent.

To further improve the electrophilicity of the reagent, in 2015, Billard and cowork-
ers developed the second generation reagent PhN(Ts)SCF, by installing a tosyl group
on the amino moiety of the reagent [99b]. Studies showed that PhN(Ts)SCF; is much
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more reactive than PhANHSCF; and PhN(Me)SCF; and the scope of the nucleophiles
was expanded significantly to previously unreacted substrates such as enolates
of aldehydes, ketones, esters or -ketoesters, silyl enol ethers [100], electron-rich
arenes [99], aryl boronic acids [101], thiols, alcohols [102], and alkynes [103]
(Scheme 4.51).

TMSCF; N‘\Ts
(10 equiv) _ 1.DIEA (10equiv) ., & 1. TFA M?
DAST 2. TsNH, Y TTCFg 2.Mel TS "SCFg
(1.0 equiv) Et
o}

SCF; Heteroaromati
compounds R-OH R-OCF,

Bn-SCF4
Scheme 4.51 Preparation and reactions of second generation of Billard reagent.

Two more reactions are worthy of further discussion. In the first reaction,
Billard and coworkers discovered that the second generation reagent could be
further activated by the addition of a super acid (HF/SbF). Nuclear magnetic res-
onance (1°F NMR) studies at —20 °C showed two new singlet peaks with chemical
shifts at 15.53 and 6.55 ppm, which suggests that a more reactive diprotonated
4-nitrobenzensulfonamide intermediate was generated. Under these conditions,
Billard and coworkers realized, for the first time, carbon-trifluoromethylthiolation
of acetanilide derivatives [104] (Scheme 4.52).

In the second reaction, Billard and coworkers reported that in the presence of
catalytic amount of nBu,NI, PhN(Ts)SCF, underwent an “umpolung” process to
become a nucleophilic trifluoromethylthiolating species that reacted with primary
alkyl bromides or secondary benzyl bromides to give the corresponding alkyl triflu-
oromethylthioethers in good yields [105] (Scheme 4.53).

4.3.6 Shen Reagent

Inspired by the fact that the trifluoromethylthio group is a pseudohalogen
group and with an aim to develop a more efficient electrophilic trifluo-
romethylthiolating reagent, Shen and coworkers designed and developed an

131



132 | 4 Introduction of Trifluoromethylthio Group into Organic Molecules

0 0 HF/SbF
H \Y2 5 SCF
X s’ .SCF o X 3
AcHN@/ . N“SUTS (B4 mol%) AcHN—:(j/
Z H —40°C, 1 h =
O,N
¥ SCF,  HF/SbFs S §-SCFg
N —_— T H
O e
ON N
o}

Scheme 4.52 Superacid-catalyzed trifluoromethylthiolation of aromatic amines.

Ts_ _SCF T
Ph">NX  + soUte o BuNT Ph- " SCF,
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X =Cl, Br, I, OMs

Scheme 4.53 Trifluoromethylthiolation reaction of RX.

electrophilic trifluoromethylthiolating reagent based on saccharin skeleton
[106]. N-Trifluoromethylthiosaccharin can be easily prepared from cheap and
commercially available saccharin via a one-pot two-step process. Treatment of
saccharin with ‘BuOCI in methanol gave N-chlorosaccharin in quantitative yield,
which was used without further purification. Addition of AgSCF; to a solution
of N-chlorosaccharin in acetonitrile at room temperature for 10 minutes gave
N-trifluoromethylthiosaccharin in 84% yield [107]. The procedure can be easily
scaled up to 16 g with 76-79% yield [108]. The cheap and easily available starting
material, with ease of preparation, renders N-trifluoromethylthiosaccharin an ideal
electrophilic trifluoromethylthiolating reagent (Scheme 4.54).

Q.0 Q.0 O o
S BuOCI . AgSCF3 S
NH —— NCl ———> N-SCF,
MeOH, r.t. CH5CN, r.t.
0 5 min 0 10 min 0
84% 84%

Scheme 4.54 Preparation of N-trifluoromethylthiosaccharin.

Extensive studies from Shen’s group have demonstrated that N-trifluoromethyl-
thiosaccharin is an electrophilic reagent with much higher reactivity than
other electrophilic trifluoromethylthiolating reagents. It was found that
N-trifluoromethylthiosaccharin reacted with various heteroatom nucleophiles
such as alcohols, amines, thiols, and thiophenols to give the corresponding
trifluoromethylthiolated products in excellent yields [106] (Scheme 4.55).

Utilizing N-trifluoromethylthiosaccharin as the electrophilic trifluoromethylth-
iolating reagent, for the very first time (except for CF,SCl), Friedel-Crafts type of
trifluoromethylthiolation occurred to a broad range of electron-rich arenes, when a
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Scheme 4.55 Trifluoromethylthiolation reaction of various heteroatom nucleophiles.

Lewis acid TMSCI or triflic acid was used as a promoter. Similarly, Li and coworkers
reported that other Lewis acids such as FeCl; or AuCl, were also able to promote
Friedel-Crafts trifluoromethylthiolation of electron-rich arenes and heteroarenes
[109]. Likewise, Gustafson and coworkers [110] reported that Friedel-Crafts triflu-
oromethylthiolation of electron-rich arenes with N-trifluoromethylthiosaccharin
could be catalyzed by a combination of 10 mol% diarylselenide and 10 mol% TfOH
as the catalyst. The reaction occurred smoothly in chloroform at room temperature
to give the corresponding trifluoromethylthioarenes in high yields. Further-
more, Glorius and coworkers [111] discovered that NaCl was able to promote
Friedel-Crafts trifluoromethylthiolation of N-trifluoromethylthiosaccharin with
furans. Specifically, 2-trifluoromethylthiofuran was obtained as the major product.
More recently, Shen and coworkers discovered that using 2,2,2-trifluoroethanol
(TFE) as the solvent, a promoter-free Friedel-Crafts type of trifluoromethylthiola-
tion of electron-rich arenes and heteroarenes with N-trifluoromethylthiosaccharin
took place smoothly at 40 °C [112]. Interestingly, Xu and coworkers also reported
a similar reaction using hexafluoroisopropanol (HFIP) as the solvent [113]
(Scheme 4.56).

Trifluoromethylthiolated arenes could also be accessed via a C—H bond function-
alization strategy. Li and coworkers reported that using [Cp*RhCl, ], as the catalyst,
indoles with pyridyl directing group reacted with N-trifluoromethylthiosaccharin
to give 2-trifluoromethylthiolated indole derivatives in high yields [114]
(Scheme 4.57).

Studies from Shen’s group also showed that soft carbon nucleophiles such
as cyclic or acyclic p-ketoesters, malonates, aldehydes, or ketones were able to
react with N-trifluoromethylthiosaccharin to give a-trifluoromethylthio-carbonyl
compounds in excellent yields [106]. Cahard and coworkers reported that reaction
of enolates with Evans auxiliary reacted with N-trifluoromethylthiosaccharin to
give a-trifluoromethylthiolated amides with excellent diastereoselectivity [77]. In
addition, under mild conditions, the auxiliary could be easily cleaved. Later, the
same group reported that another type of enolate generated from p-ketocarboxylic
acids via decarboxylation reacted with N-trifluoromethylthiosaccharin to give
a-trifluoromethylthiolated ketones in high yield [115]. Likewise, Benaglia,
Rossi, and their coworkers found that using tetrahydrothiophene as the cat-
alyst, silyl enol ethers reacted with N-trifluoromethylthiosaccharin to afford
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Scheme 4.56 Friedel-Crafts type of trifluoromethylthiolation.
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Scheme 4.57 Trifluoromethylthiolation of electron-rich arenes.

trifluoromethylthio-substituted ketone derivatives in high yields [116]. Further-
more, reaction of enolate derived from aldehyde with N-trifluoromethylthios-
accharin was reported by Wu, Sun, and coworkers in 2016 [117]. It was found
that in the presence of a catalytic amount of pyrrolidine, aldehydes reacted with
N-trifluoromethylthiosaccharin to give o-trifluoromethylthiolated aldehydes that
were further reduced by NaBH, to give the corresponding p-trifluoromethylthiolated
alcohol derivatives. Presumptively, pyrrolidine first reacts with aldehyde to give
an enamine intermediate, which then reacts with N-trifluoromethylthiosaccharin
to give a-trifluoromethylthiolated imine. Subsequent hydrolysis of imine gave the
target a-trifluoromethylthiolated aldehyde (Scheme 4.58).

Owing to the high reactivity of N-trifluoromethylthiosaccharin, alkenes
could also react with it to give trifluoromethylthiolated compounds. Shen
and coworker reported that reactions of 2-(1-arylvinyl)-benzoic acid with
N-trifluoromethylthiosaccharin gave trifluoromethylthiolated lactones in high
yields. It was proposed that the alkene moiety of the substrate first reacts with
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Scheme 4.58 Trifluoromethylthiolation of enolate nucleophiles.

N-trifluoromethylthiosaccharin to generate a trifluoromethyl-substituted thiira-
nium ion intermediate, which is attacked by the oxygen of the carboxylic group to
generate the final product. The reaction can also be extended to the synthesis of
trifluoromethylthiolated lactams [107] (Scheme 4.59).

Terminal
alkynes

XR1! = OH, NHR3 .27 SCF3
TMSCI R2

Scheme 4.59 Other reactions of N-trifluoromethylthiosaccharin.

Shibata, Cahard, and their coworker reported that reactions of secondary
allylic alcohols with N-trifluoromethylthiosaccharin did not give the expected
trifluoromethylsulfenate derivatives [118]. Instead, trifluoromethylsulfoxides were
obtained in high yields. It was proposed that initially, trifluoromethylsulfenate is
generated between the hydroxy group and N-trifluoromethylthiosaccharin. Yet, this
species is not stable and quickly undergoes [2,3]-sigmatropic rearrangement to give
thermodynamically more stable trifluoromethylsulfoxides (Scheme 4.60).

Ye and coworkers reported that reaction of glycals with N-trifluoromethylthios-
accharin occurred smoothly to give trifluoromethylthio/chloro-difunctionalized
glycose derivatives in high yields when TMSCI (trimethyl chlorosilane) was used as
a Lewis acid activator. In the presence of DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene),
elimination of HCl gave 2-trifluoromethylthioglycals in good yields [119]
(Scheme 4.61).
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Scheme 4.60 Reactions between allylic alcohols and Shen reagent to form trifluoromethyl
sulfoxides via [2,3]-sigmatropic rearrangement.
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Scheme 4.61 2-Trifluoromethylthiolation of glycals.

Addition of a trifluoromethylthio group to alkene creates a chiral carbon center,
which encourages organic chemists to develop an asymmetric addition reaction.
Such a reaction was realized successfully by Zhao and coworkers [120]. Initially,
Zhao and coworkers discovered that in the presence of a combination of diarylse-
lenide and TfOH, reaction of an alkene with N-trifluoromethylthiosaccharin in
acetonitrile occurred smoothly to give trifluoromethylthio-amino difunctionalized
alkane derivatives in high yields. When the solvent was switched to nitromethane,
hydroxy-trifluoromethylthio difunctionalized products were obtained in high
yields. Later on, they discovered that when an optically pure diaryl selenide derived
from indane was used as the catalyst, a highly enantioselective trifluoromethylth-
iolative lactonization occurred smoothly to give the desired products in excellent
enantioselectivity (Scheme 4.62).

N-Trifluoromethylthiosaccharin can act not only as a highly reactive electrophilic
trifluoromethylthiolating reagent but also as a trifluoromethylthio radical precur-
sor. Related work for using N-trifluoromethylthiosaccharin as trifluoromethylthio
radical precursor is discussed in Section 4.4.

4.3.7 Shen Reagent-II

During the development of electrophilic trifluoromethylthiolating reagent
N-(trifluoromethylthio)saccharin, Shen and coworkers noticed that N-(trifluorom-
ethylthio)saccharin is much more reactive than N-(trifluoromethylthio)phthalimide,
while the only difference in the structures of two reagents is that one of the carbonyl
groups in N-(trifluoromethylthio)phthalimide is replaced by a sulfonyl group in
N-(trifluoromethylthio)saccharin. Consequently, Shen and coworkers hypothesized
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Scheme 4.62 Zhao’s work for trifluoromethylthiolation of alkenes.

that the electrophilicity of the reagent can be further increased if both carbonyl
groups are replaced by two sulfonyl groups. In 2016, Lu, Shen, and coworkers syn-
thesized such an electrophilic trifluoromethylthiolating reagent (PhSO,),NSCF,
by first preparing (PhSO,),NCl from (PhSO,),NH by oxidation with ‘BuOCl in
methanol, followed by replacement of the chloride with trifluoromethylthio using
AgSCF, [121] (Scheme 4.63).

0,00, 0
QPP Buoct  QOQ 0O AgsCFs X Y

_S_, S
Ph”">N""Ph MeOH Ph”"N"">Ph CH,Cl, R
& rt., 5min & rt,2h SCFs
73% 74%

Scheme 4.63 Preparation of N-trifluoromethylthio-dibenzenesulfonimide.

Systematic investigation showed that, as expected, (PhSO,),NSCF, exhibits even
higher electrophilicity than N-(trifluoromethylthio)saccharin. In the absence of
any Lewis acid or Brensted acid, (PhSO,),NSCF; reacted with a wide range of
electron-rich arenes to give the corresponding trifluoromethylthiolated arenes in
high yields when the reaction was conducted in DMF at 80 °C. Under the same con-
ditions, electronic-rich heteroaromatic rings such as indoles, pyrroles, thiophenes,
benzofurans, benzothiophenes, benzothiazoles, and imidazo[1,5-a]pyridines can
react with (PhSO,),NSCF; to give the corresponding trifluoromethylthiolated
products in high yields. Interestingly, when 2-naphthol derivatives were used as
the substrates, Friedel-Crafts type electrophilic trifluoromethylthiolation products
were not produced. Instead, dearomatizative trifluoromethylthiolation products
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with the trifluoromethylthio group at 1-position were isolated in good yields [121]
(Scheme 4.64).

H H
DMF, 80 °C, 1 h
R? R?  SCF,
OH o}
RIS Sc(OTf)3 (10 mol%) Rl S
N ps  BOX-Bn(10 mol%) N R3

CH,Cly, 40 °C, 36 h

Scheme 4.64 Reactions between heteroarenes and naphthol derivatives with
N-trifluoromethylthio-dibenzenesulfonimide.

Under the same reaction conditions, not only electron-rich arenes but also styrene
derivatives reacted with (PhSO,),NSCF; to give trans-trifluoromethylthiolated
styrene derivatives in high yields. Interestingly, when the reaction was conducted
at room temperature, a hydroxy-trifluoromethylthio difunctionalized product was
isolated after aqueous workup. Mechanistic studies suggested that (PhSO,),NSCF,
is initially activated by DMF to generate trifluoromethylthio cation, which adds to
styrene to form a benzylic cation. The cation is then attacked by DMF, followed
by aqueous workup to form the final product. Following the same strategy, a
variety of trifluoromethylthiolative difunctionalization products including formoxy,
acetoxy, hydroxyl, and amino-trifluoromethylthio difunctionalized compounds
were obtained by simply changing the reaction solvents [121] (Scheme 4.65).
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Scheme 4.65 Trifluoromethylthiolation of styrenes.
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With the experience for the development of asymmetric trifluoromethylth-
iolative addition to alkenes using N-trifluoromethylthiosaccharin, Zhao and
coworkers discovered that in some cases, replacing N-trifluoromethylthiosaccharin
with(PhSO,),NSCF; resulted in better enantioselectivity. Consequently, a series of
asymmetric trifluoromethylthiolative bifunctionalization of olefins with excellent
enantioselectivity were developed, again using optically pure diarylselenide as the
catalyst [120d, 122] (Scheme 4.66).
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Scheme 4.66 Asymmetric trifluoromethylthiolation/cyclization bifunctionalization of
olefins.

Inspired by Hooz’s multicomponent reaction, Szabé and coworkers reported
that (PhSO,),NSCF, was able to react with a-diazocarbonyl compounds in the
presence of a rhodium catalyst or Lewis acid. In 2017, they reported that when
Rh,(OAc), was used as a catalyst, three-component reaction between a-diazoketone,
(PhSO,),NSCF;, and an alcohol afforded the oxytrifluoromethylthiolated product
in good yield. A variety of primary and secondary alcohols could be incorporated
in the reaction. In addition, when an acyclic or cyclic ether was used instead of an
alcohol, the C—O bond underwent cleavage to give oxytrifluoromethylthiolated
products in good yields [123]. In 2019, the same group reported a Zn-catalyzed
three-component reaction of a-diazoketone, (PhSO,),NSCF,, and tetraphenylborate
to give a0 -trifluoromethylthiolative phenylation product in high yields. Under the
same conditions, reactions of various a-diazoesters or amides were also successful
[124]; (PhSO,),NSCF; could also be employed in transition metal-catalyzed directed
arene C-H trifluoromethylthiolation or benzylic C-H trifluoromethylthiolation.
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In 2017, Yoshino, Matsunaga, and coworkers reported that in the presence of
10mol% [Cp*Co(CH,CN);](SbF,),, pyridyl-, or purinyl-directed arenes reacted
with (PhSO,),NSCF,; to give ortho-trifluoromethylthiolated arenes in good yields
[125]. Likewise, in 2018, Britton and coworkers found that the benzylic C—H bond
in alkylquinazolines and purines could be easily trifluoromethylthiolated when the
substrate was allowed to react with (PhSO,),NSCF; in acetonitrile at 75-125°C
when Li,CO, was used as the base [126] (Scheme 4.67).
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o (0]
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H | Ph” \l}l/ “Ph [ SCF
Li;COg SCF4 :
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e H [Co] A\ SCFs
o Ag(OAc) R
Scheme 4.67 Other applications of (PhSO,),NSCF;.

Further studies showed that like N-trifluoromethylthiosaccharin, (PhSO,),NSCF,
could also react with a variety of heteroatom nucleophiles such as aza-heterocycles,
amines, thiols, and sulfinates under mild conditions. Typically, excellent yields of the
corresponding trifluoromethylthiolated compounds could be obtained under mild
conditions [121] (Scheme 4.68).

4.3.8 Optically Active Pure Trifluoromethylthiolation Reagents

In general, there are two different methods for the construction of trifluorom-
ethylthio-substituted optically active compounds. The first method is to use
transition metal catalyst or organocatalyst to enable the highly enantioselective
asymmetric trifluoromethylthiolation of a substrate with an electrophilic trifluo-
romethylthiolating reagent, which is also currently attracting much interest. An
alternative, yet classic method for the building of the chiral trifluoromethylthi-
olated carbon center is to trifluoromethylthiolate the substrate with an optically
active trifluoromethylthiolating reagent, which could serve as a supplement
to catalytic trifluoromethylthiolative method. In the past 10years, a series of
electrophilic trifluoromethylthiolating reagents have emerged, but the optically
active trifluoromethylthiolating reagents have not been reported. Inspired by
the optically active electrophilic fluorinating reagent [127], Shen and coworkers
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successfully developed the first optically active trifluoromethylthiolating reagent
based on camphorsultam framework [128], which reacted with p-ketoesters,
oxindoles, benzofuran-2(3H)-ones to give the corresponding optically active
trifluoromethylthiolated products with good to excellent enantioselectivity

(Scheme 4.69).
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Scheme 4.69 Reactions of optically active pure trifluoromethylthiolation reagents.

4.3.9 Lu-Shen Reagent

Togni and coworkers’s hypervalent iodine-based trifluoromethylating reagent [129]
in 2013, Lu, Shen, and their coworkers designed a trifluoromethylthiolated analog,
with the hope that it would be an excellent electrophilic trifluoromethylthiolating
reagent [130]. It was found that reaction of 1-chloro-1,3-dihydro-3,3-dimethyl-1,2-
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benziodoxole with AgSCF, gave a trifluoromethylthiolated compound. The
structure of the compound was initially assigned as a trifluoromethylthiolated
hypervalent iodine compound. However, this structure was revised by Buch-
wald and coworkers in 2014 to be a trifluoromethanesulfenate derivative by
spectroscopic techniques and metal-organic-framework (MOF)-crystal sponge
technology [131] (Scheme 4.70). In the revised structure, the trifluoromethylthio
group is not connected to iodide. Instead, it is connected to the oxygen. In 2015,
Lu, Shen, and coworkers conducted structure-reactivity studies and showed
that the iodide of the structure was not so important for the reactivity of the
reagent [132]. Thus, a secondary generation reagent PhC(Me,)OSCF,, which was
much easier to be synthesized, was developed and serves as general electrophilic
trifluoromethylthiolating reagent.

Cl—I—O0 F;CS—I—O | OSCF4
AgSCF3
—_—
51% Modified by Buchwald

Scheme 4.70 Preparation and modification of Lu and Shen reagent.

Extensive studies from Lu, Shen, and their coworkers showed that this reagent is
indeed a good electrophilic trifluoromethylthiolating reagent. In the presence of a
copper catalyst, Lu-Shen reagent was able to couple with a variety of aryl boronic
acids to give trifluoromethylthiolated arenes in high yields [133]. The coupling
with alkyl boronic acids was more challenging. Nevertheless, increasing the
reaction temperature to 120 °C and using a combination of 20 mol% CuCl,-2H,0
and 40% bpy (bpy = 2,2'-bipyridine) as the catalyst, coupling of primary and
secondary alkyl boronic acids with Lu-Shen reagent gave the corresponding alkyl
trifluoromethylthioethers in good to excellent yields (Scheme 4.75).

In addition, in the presence of a copper catalyst, alkyne could also couple
with Lu-Shen reagent to give alkynyl trifluoromethylthioethers in high yields.
Nevertheless, the electrophilicity of Lu-Shen reagent is not as high as that of Shen
reagent and Shen reagent-II, since Friedel-Crafts type of trifluoromethylthiolation
with Lu-Shen reagent only worked for extremely electron-rich arenes such as
indoles or pyrroles [134]. Recently, Lu, Shen, and coworkers described a transi-
tion metal-free method to trifluoromethylthiolate the ipso-carbon of lithium aryl
boronates with trifluoromethanesulfenate under mild conditions. With this proto-
col, late-stage site-specific C-H and C-Cl trifluoromethylthiolation of biologically
active molecules took place in high yields [135] (Scheme 4.71).

Soft carbon nucleophiles could also react with Lu-Shen reagent to give
a-trifluoromethylthiolated carbonyls in high yields. Using N,N-dimethylamino-
pyridine (DMAP) as the base, various cyclic p-ketoesters and a few acyclic
B-ketoesters, aldehydes were successfully trifluoromethylthiolated in good to excel-
lent yields [133]. In 2015, Dai and coworkers reported the first copper-catalyzed
ring-opening electrophilic trifluoromethylation of cyclopropanols to synthesize
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Scheme 4.71 Transition metal-free ipso-trifluoromethylthiolation of lithium aryl
boronates.

B-SCF, substituted carbonyl compounds [136] (Scheme 4.72). Mechanistically,
it was proposed that in the presence of CuSCF,/bpy and a base, cyclopropanol
undergoes ring-opening isomerization to give a p-alkylcopper intermediate, which
then reacts with Lu-Shen reagent to give the final product.

| OSCF,
OH O SCF,
R1 - R1
CuSCF; (0.1 equiv) R2
R2 bpy (0.2 equiv) _
DMSO, r.t. Up to 92% yield

Scheme 4.72 Copper-catalyzed electrophilic ring-opening cross-coupling of
cyclopropanols.

Asymmetric trifluoromethylthiolation of soft carbon nucleophiles and Lu-Shen
reagent has also be reported. Shen and coworkers described that using quinine as
the catalyst, five-membered p-ketoesters were able to react with Lu-Shen reagent to
give the corresponding product in excellent enantioselectivity [137]. Surprisingly,
under the same reaction conditions, six- or seven-membered f-ketoesters did not
react at all. By switching the catalyst to a quinine-base phase transfer catalyst,
six- or seven-membered p-ketoesters were able to react with Lu-Shen reagent
with good to excellent enantioselectivity. Later, the quinine-catalyzed asymmetric
trifluoromethylthiolation protocol was extended to substrates such as oxidoles with
excellent enantioselectivity [138] (Scheme 4.73).

In 2014, Gade and coworkers reported a copper-catalyzed asymmetric trifluo-
romethylthiolation of p-ketoesters with Lu-Shen reagent [139]. In this protocol,
a combination of 10mol% Cu(OTf), and 12mol% Boxmi ligand was used as the
catalyst. Both five- and six-membered p-ketoesters reacted to give the corresponding
products in excellent enantioselectivity (Scheme 4.74).

Reaction of Lu-Shen reagent with heteroatom nucleophiles was difficult, mainly
due to its relatively low electrophilicity. Nevertheless, Lu, Shen, and coworkers dis-
covered that sodium arylsulfinates reacted with Lu-Shen reagent to give trifluo-
romethylthiosulfonates in high yields [132] (Scheme 4.75).

Lu-Shen reagent can not only be used as electrophilic trifluoromethylthi-
olating reagent but also, surprisingly, as a reagent for glycosidation. In 2014,
Zhu and coworker [140] demonstrated that Lu-Shen reagent, in the presence of
TMSOTTf (trimethylsilyl triflate) as a Lewis acid, could activate the C—S bond of
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Scheme 4.74 Enantioselective electrophilic trifluoromethylthiolation using copper—boxmi
complexes.

thioglycoside to realize the glycosidation of alcohols. Under these conditions, a
variety of disaccharides were synthesized in excellent yields (Scheme 4.76).

In addition to the electrophilic trifluoromethylthiolation, Lu-Shen reagent could
be used as the quenching agent of free radicals to realize the free radical trifluo-
romethylthiolation reaction, which is discussed in Section 4.2.3.

4.3.10 «-Cumyl Bromodifluoromethanesulfenate

Positron emission tomography (PET) is a leading noninvasive imaging technology
that enables the in vivo study of physiological processes. Yet, a few methods to access
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18F-labeled ['®F]ArSCF, have been reported previously. Shen’s group designed a new
strategy for the preparation of ['*F]ArSCF;. In this strategy, a-cumyl bromodifluo-
romethanesulfenate was first synthesized from easily available starting materials.
In the presence of a copper catalyst, this reagent was able to couple with a variety
of (hetero)aryl boronic pinacol esters to give bromodifluoromethylthiolated (het-
ero)arenes in excellent yields. The Shen group then collaborates with Gouverneur
and coworkers to incorporate 8F-labeling by a halogen-exchange fluorination with
['8F]KF with good radiochemical conversions. The strategy was then applied to syn-
thesize ['8F]-labeled Tiflorex, a potent anorectic drug for the treatment of obesity
[141] (Scheme 4.77).

4.3.11 Shibata Reagent

In 2013, Shibata and coworkers [142] developed an electrophilic trifluoromethylth-
iolating reagent based on the hypervalent iodonium ylide skeleton, which could be
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Scheme 4.77 Indirect trifluoromethylthiolation with a-cumyl
bromodifluoromethanesulfenate.

synthesized with CF,SO,Na, 2-bromoacetophenone, and PIDA (iodobenzene diac-
etate) in high yield (Scheme 4.78).

o) )
Br CF3SO,Na SO,CF3 PIDA SO,CF3
CH3CN P

>99%

Scheme 4.78 Preparation of Shibata reagent.

In the presence of a copper catalyst, the reagent reacted with various nucleophiles
including p-ketoesters, silyl enol ethers [143], aryl amines [144], indoles and pyrroles
[145], enamines, aryl boronic acids [146], and allylsilanes [143] to give the corre-
sponding trifluoromethylthiolated products in high yields (Scheme 4.79).

Mechanistically, it was proposed that the hypervalent iodonium ylide ini-
tially reacts with the cuprous salts to form a carbene intermediate, which
undergoes successive rearrangement to give the active trifluoromethylthiolating
species — trifluoromethylsulfenate. This species is then nucleophilically attacked by
the substrate to give the final trifluoromethylthiolated product (Scheme 4.80).

4.3.12 In Situ-Generated Electrophilic Trifluoromethylthiolating
Reagents

Most of the electrophilic trifluoromethylthiolating reagents developed in the past
20years are shelf-stable compounds that are easily prepared from commercially
available starting materials within three steps. Some of these reagents are now
commercially available, thus paving the way for their further applications in medic-
inal chemistry. Alternatively, another complementary strategy for the electrophilic
incorporation of the trifluoromethylthio group is to generate the target electrophilic
trifluoromethylthiolating reagent in situ without further isolation and purification.

4.3.12.1 AgSCF; + TCCA

In 2014, Tan, Liu, and their coworkers described an asymmetric trifluoromethylth-
iolation of 3-aryl-2-indolinone substrates with (DHQD),Pyr as the chiral catalyst
[147]. In this approach, the electrophilic trifluoromethylthio species was in situ
generated from AgSCF, and trichloroisocyanuric acid (TCCA). In their preliminary
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Scheme 4.80 Proposed mechanism for Cu-catalyzed trifluoromethylthiolation with
Shibata reagent.

NuH . Nu—scF,

mechanism study, they proposed that CF,SSCF; was one of the possible active
species involved in the reaction (Scheme 4.81).

Yang and coworker adopted the same approach for the preparation of tri-
fluoromethylthiolated chromone derivatives [148]. Mechanistically, it was
proposed that the phenolic hydroxyl group first nucleophilically attacks
the p-amino-ao,f-unsaturated ketone; the resulting enolate then reacts with
the in situ-generated -electrophilic trifluoromethylthiolated species to give
a-trifluoromethylthiolated intermediate. In the presence of a weak base, elimination
of amine gives the final product (Scheme 4.82).

¢
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Scheme 4.81 In situ generation of electrophilic trifluoromethylthio reagents for
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o
Clo Ay C

0 N N O
SCF.
= - é 3
N |
nf | LT
MNon AgSCF3 o

Up to 96% yield

Scheme 4.82 In situ-generated electrophilic trifluoromethylthiolating reagent for the
synthesis of 3-((trifluoromethyl)thio)-4H-chromen-4-one.

4.3.12.2 AgSCF; + NCS

In 2014, Qing and coworkers reported another approach for the in situ generation
of the electrophilic trifluoromethylthiolating species [149]. In this approach,
AgSCF, was allowed to react with NCS rather than TCCA to realize the trifluo-
romethylthiolation of terminal alkynes using potassium phosphate as the base.
Interestingly, for this reaction, if the isolated electrophilic trifluoromethylthiolating
reagent N-trifluoromethylthiosuccinimide was used, the formation of alkynyl
trifluoromethylthioethers was not observed (Scheme 4.83).

O
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R—H ©] R—=—=—SCF,
AgSCF Up to 93% yield

Scheme 4.83 Trifluoromethylthiolation of terminal alkynes using AgSCF; and NCS.

4.3.12.3 Langlois Reagent (CF;SO,Na) with Phosphorus Reductants

In 2015, Yi, Zhang, and their coworkers reported that (EtO),P(O)H was able to
reduce CF;SO,Na to form CF,S-SCF,, which then reacted with CuCl to in situ
generate an electrophilic trifluoromethylthiolating species [150] (Scheme 4.84).
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This species was highly reactive and reacted with various electron-rich (het-
ero)arenes to give the corresponding trifluoromethylthio-substituted (hetero)arenes
in good yields. Shortly after, Cai and coworkers discovered that PPh, was able to
reduce CF;SO,Na to in situ generate CF,SCI in the presence of 1.0 equiv of NCS
[151] (Scheme 4.85). Friedel-Crafts type reaction of the in situ-generated CF,SCI
with indoles, pyrroles, and enamines occurred in good yields. In addition, it was
reported that other phosphorus reductants such as PCl,, P(O)Cl;, or P(O)Br; could
also reduce CF,SO,Na to generate active electrophilic trifluoromethylthiolating
intermediate [152].

SCF4
Z N CF4S0,Na Z N
R3 322 R
Proposed mechanism Up to 94% yield
0
EtO)2P(O)H Indoles
OF50,Na EVPOR, op & CF,g—on-Indoles |
CuCl
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Scheme 4.84 Direct trifluoromethylthiolation of indoles with CF;SO,Na in the presence of
(Et0),P(O)H.
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Scheme 4.85 Direct trifluoromethylthiolation of indoles with CF;SO,Na in the presence of
PPh; and N-chlorosuccinimide.

4.3.12.4 Use of CF;S0,Cl with Phosphorus Reductants

Similar to the case of CF;SO,Na, CF;SO,Cl, which is an easily commercially avail-
able compound, could also be reduced by phosphorus reductants to generate active
electrophilic trifluoromethylthiolating species. In 2016, Shibata, Cahard, and their
coworkers adopted this strategy for the successful electrophilic trifluoromethythi-
olation of indoles, pyrroles, enamines, and other electron-rich substrates when
PMe, was used as the reducing agent [153]. Preliminary mechanistic investigation
suggested that CF,SCl instead of CF,;SSCF; was the active species in the reaction.
Zhao and coworkers discovered that addition of a catalytic amount of sodium iodide
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to the system could promote the reaction more effectively [154]. Likewise, Yi and
coworkers reported based on their previous work on CF,SO,Na that phosphite was
an efficient reductant to generate electrophilic trifluoromethylthiolating species
from CF,;SO,Cl for the Friedel-Crafts type of trifluoromethylthiolation of indole,
pyrrole, and anisole derivatives [155] (Scheme 4.86).
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Scheme 4.86 Direct trifluoromethylthiolation of indoles with CF;SO,CL
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Scheme 4.87 Various trifluoromethylthiolation reactions with CF;SOCL
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4.3.12.5 Reagent Based on CF;SOClL and Phosphorus Reductants
Trifluoromethanesulfinyl chloride (CF,;SOCI), like its analog CF;SO,Cl, could
be used to generate active trifluoromethylthiolative species. Yi, Zhang, and their
coworkers discovered that CF,SOCI could undergo self-disproportionation in the
absence of any reductant to generate the active electrophilic trifluoromethylthio-
lating intermediate, which was highly reactive with electron-rich arenes, ketones,
and thiols [156]. The same species could also be used for trifluoromethylthiolative
bifunctionalization of alkenes and alkynes (Scheme 4.87).

Very recently, Liu and coworkers discovered that in the presence of pyridine,
reaction of CF,SOCI with 1,3-diketones occurred to give chloro-trifluoromethylthio
difunctionalized 1,3-diketones in high yields [157]. Interestingly, if the substrate con-
tains a hydroxyl or acetamide group, it would undergo amino-trifluoromethylthio
bifunctionalization or Michael addition/trifluoromethylthiolation cascade reaction
(Scheme 4.88).
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Scheme 4.88 Base-promoted trifluoromethylthiolation of 1,3-diketones with CF;SOCL

4.4 Radical Trifluoromethylthiolation

Free radical reaction often exhibits different regioselectivity from nucleophilic or
electrophilic reaction. Thus, radical trifluoromethylthiolation may complement
those nucleophilic or electrophilic trifluoromethylthiolative reactions. Early studies
of radical trifluoromethylthiolation typically used CF,;SH, CF,SCIl, and CF,SSCF,
to generate trifluoromethylthio radical (-SCF;) under the irradiation of ultraviolet
light or X-ray. Subsequently, the highly reactive trifluoromethylthio radical reacted
with alkane, alkenes, and other substrates. However, due to the toxicity of the
reagents used, as well as the harsh reaction conditions, the development of radical
trifluoromethylthiolation has been relatively slow. In the past 10 years, many easily
available nucleophilic or electrophilic trifluoromethylthiolating reagents appeared,
which stimulated the development of radical trifluoromethylthiolation chemistry.
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As a result, numerous new trifluoromethylthiolative methods involving radical
trifluoromethylthiolations have been reported.

4.4.1 Trifluoromethylthiolation by AgSCF;/S,0,%~

In 2014, Wang and coworker reported that a trifluoromethylthio radical could be
easily generated from a combination of AgSCF, with K,S,Oy in acetonitrile in the
presence of substoichiometric amount of hexamethylphosphoramide (HMPA) [158].
Under these conditions, they designed a radical cascade reaction for the preparation
of trifluoromethylthio-substituted oxindole derivatives from easily available start-
ing material N-methyl-N-arylmethacrylamides. Detailed mechanistic studies sug-
gest that AgSCF, might be initially oxidized by K,S, Oy to form a Ag(II)SCF; species,
which is unstable and easily undergoes Ag—S bond homolytic cleavage to generate
-SCF;. Addition of -SCF; to the terminal position of the alkene gives a secondary
alkyl radical, which is then trapped by the arene (Scheme 4.89).
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N o RZ
+
S,08% f Ag RO R1_;<\>L I\SCFS
U ~
Aﬁ' * [I\l O
R3

AgSCF, Ag(I)SCF CF3
S0,.% + S0,~
4 4 32082_ l
RZ
X SCF4 H
R o) d
oz N R _
R3

Scheme 4.89 First example of silver-mediated radical aryltrifluoromethlythiolation.

The discovery that -SCF, could be easily generated from a combination of AgSCF,
and K, S, 04 paves the way for its wide application in radical cascade cyclization reac-
tions. For example, following Wang’s pioneer work, Nevado and coworkers reported
a trifluoromethylthio radical-initiated addition/cyclization/desulfonylation cas-
cade for the preparation of a variety of trifluoromethylthiolated heterocyclic
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Nevado’s work

Me 1
X R N
R— i AgSCF;, (1.5 equiv) I~
Z Nl K5S,04 (3.0 equiv) = . o)
0=S=0 R2 o S Me
P HMPA (25 mol%) 2
Z MeCN, 75 °C, 20 h R SCFy
26 examples

up to 73% yield
Liang’s work P y

AgSCF; (1.5 equiv)
Y K,S,04 (3.0 equiv)
HMPA (0.5 equiv) X
N 2,2":6,2"-terpyridine (10 mol%) 1
Y— Y FH
MeCN/DMF (1:1), 80 °C, 12 h
X =NTs, C(CO,Me),, Y = CH, SCFy

x =0, Y = carbonyl group 37 examples
up to 87% yield

Wang’s work
O 0._0 AgSCFj (2.0 equiv) e 0. 0
R'—r K5S,04 (4.0 equiv) R'™— A
=
| | DMSO, 30 °C, 15 h SCFs
R2
R2
26 examples
up to 80% yield
Quan’s work
AgSCF;5 (1.5 equiv)
i N X Na,S,0g (3.0 equiv)
ZN ~ g ;
3 P 4 AMS (25 mg)
MeCN, 80 °C, 6 h
44 examples
up to 89% yield

Scheme 4.90 Other examples of silver-mediated radical
trifluoromethylthiolation/cyclization.

compounds from substituted N-(arylsulfonyl)acrylamides substrates [159]
(Scheme 4.90). Likewise, in 2015, Liang and coworkers developed a cascade
trifluoromethylthiolation/radical cyclization of 1,6-enynes for the synthesis of
various trifluoromethylthio-substituted polycyclic fluorene derivatives [160]
(Scheme 4.90). Similarly, the same protocol has been successfully applied for the
preparation of trifluoromethylthiolated coumarins, quinolines, and isoquinolines

¢
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[161, 162] (Scheme 4.90), while Shi and coworkers utilized this protocol for radical
addition/ring opening/cyclization of methylenecyclopropanes to afford cyclic vinyl
trifluoromethylthiolated products in high yields [163] (Scheme 4.91).

AgSCF3
(0.33 equiv)
NayS,0g NayS,0g
XN (1 0 equiv) m (4 0 equiv) R OO
DMSO SCF3 DMSO SCF,
80°C,6h 80°C,4-6h

Scheme 4.91 Trifluoromethylthiolation of methylenecyclopropanes using AgSCF5/S,04%".

In 2014, Qing’s group reported a copper-mediated reaction between a terminal
alkene and AgSCF,/K,S,0q [164]. Instead of giving a common radical addition prod-
uct or radical-initiated polyolefin, an allylic trifluoromethylthioether was obtained
as the main product. Mechanistically, it was proposed that the trifluoromethylthio
radical is initially added to alkene to form a secondary radical, which is quickly oxi-
dized by Cu(OAc), to generate an alkyl cation. a-Hydrogen elimination affords the
allylic trifluoromethylthioether. The yields of the reactions were typically good. Yet,
the E/Z selectivity of the reaction was moderate, with a ratio range of 4.5:1-11:1
(Scheme 4.92).

AgSCF; (2.0 equiv)
K5S,05 (2.0 equiv)

N RN~ SCF,
Cu(OAc), (1.0 equiv)
K3PO, (2.0 equiv) 20 examples
DMSO, 60 °C, 6 h up to 75% yield

E/Zupto 11.1:1

Scheme 4.92 Copper-mediated oxidative trifluoromethylthiolation of unactivated
terminal alkenes.

In 2016, Cao and coworkers reported the application of AgSCF,/K,S,Oq
protocol for hydro-trifluoromethylthiolation of alkynes [165]. Interestingly,
anti-Markovnikov-selective ~ hydro-trifluoromethylthiolation ~ with  moder-
ate E/Z ratio occurred when the reaction was conducted with 50mol%
HMPA and 10mol% phenanthroline (phen), while Markovnikov-selective
hydro-trifluoromethylthiolation products were obtained when the reaction
was conducted with 10 mol% CuCl and 3.0 equiv of H,O (Scheme 4.93).

Liu and coworkers reported a trifluoromethylthio radical triggered migratory rear-
rangement of a,a-diaryl allylic alcohols to give p-trifluoromethylthiolated ketone
derivatives in moderate yields [166] (Scheme 4.94).

In 2016, Qing and coworkers utilized the AgSCF,/K,S,04 protocol for
decarboxylative trifluoromethylthiolation of cinnamic acids [167]. Vinyl tri-
fluoromethylthioethers and a-trifluoromethylthiolated ketones can be selectively
synthesized by adjusting the reaction parameters (Scheme 4.95). Likewise, in
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AgSCF3 (1.5 equiv) AgSCFj (1.5 equiv)
K5>S,04 (3.0 equiv) K5S,05 (3.0 equiv)
F.CS H,0 (3.0 equiv) HMPA (50 mol%)
3 CuClI (10 mol% hen (10 mol%
( ) R— p ( ) R%SCFS
R DCE, 100 °C, 17 h DMF, 80 °C, 12 h
R =R0OCgH, anti-markovnikov addition
8 examples ) -
up to 87% yield Markovnikov addition 23 examples

up to 80% yield

Scheme 4.93  Selective hydro-trifluoromethylthiolation of alkynes using AgSCF,/S,04%".

AgSCF3 (1.5 equiv)
R! K,S,04 (1.5 equiv) O SCF,
Re/)\/ Pyridine (1.0 equiv)
o R!
HO R3 MeCN, 65 °C R2 R3
Up to 88% yield

Scheme 4.94 Trifluoromethylthiolation of diaryl allylic alcohols via radical neophyl
rearrangement.

2018, Xu and coworkers improved the method for the preparation of vinyl
trifluoromethylthioethers from cinnamic acids [168]. With the addition of
CuSO,-5H,0, the reaction conditions were simplified, and E/Z ratio of the
alkenes was increased to up to 97 : 3. Furthermore, under the same reaction
conditions, a-trifluoromethylthiolated ketones could be prepared from propiolic
acids (Scheme 4.95). Finally, Hoover and coworkers applied the same strat-
egy for the decarboxylative trifluoromethylthiolation of coumarin derivatives
[169] (Scheme 4.95). In addition, decarboxylative trifluoromethylthiolation of
alkyl carboxylic acids proceeded smoothly when Selectfluor was used as the
oxidant [170].

Finally, the AgSCF,/K,S,04 protocol could also be applied for alkane C—H
bond trifluoromethylthiolation. In 2015, Chen and coworkers and Tang and
coworkers reported back to back the first example of alkane C—H bond radical
trifluoromethylthiolation in moderate yields [171, 172]. It was proposed that
reaction of AgSCF,/K,S,0; generates Ag(II)SCF, and SO, ~. The SO,’~ is able to
abstract a hydrogen from alkane to give an alkyl radical, which is then trapped by
Ag(IDSCF;, CF;SSCF; or -SCF; (Scheme 4.96).

Several copper-mediated radical trifluoromethylthiolation reactions using
AgSCF; as the trifluoromethylthio source have also been reported. For example,
in 2018, Zhu and coworkers reported that in the presence of 20 mol% Cu(OAc),,
O-benzoyl oxime with an alkene moiety reacted with AgSCF; to give trifluorom-
ethylthio-substituted pyrrolines in high yields [173] (Scheme 4.97). It was proposed
that a Cu(I) species initially reacts with AgSCF, to form CuSCF;, which reductively
cleaves the acyl oxime’s N—O bond to generate an iminyl radical and a Cu(II)SCF,
species. Subsequently, intramolecular 5-exo-trig cyclization of iminyl radical with
the alkene moiety gives an alkyl radical, which is then trapped by the Cu(I)SCF,
species to produce the desired product.
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Qing’s work:

AgSCF; (2.0 equiv), K»S,04 (2.0 equiv)

A\ COOH

Cul (1.0 equiv), Ag,CO5 (2.0 equiv)

Ar/\/SCFS

MeCN/HOAc (2:1), air, 90 °C, 1 h

18 examples
up to 84% yield
E/Zupto 94:6

AgSCF; (1.0 equiv), Na,S,04 (2.0 equiv) o)
Ar/\rCOOH Fe(OAc), (1.0 equiv), Ag,SO, (2.0 equiv) ArJ\/SC%
R MeCN/H,0 (2:1), O, (ballon), 50 °C, 18 h R
(2.0 equiv) 26 examples

Xu's work:

X _COOH
R~©/\/

COOH
4
R
Hoover’s work:
R2
COOH
R1
X O
X =0, S, NMe

AgSCF3 (2.0 equiv)
Na,S,0g (3.0 equiv).
CuS0,4.5H,0 (2.0 equiv)

Toluene/H,O (1:1)
60 °C, air, 8 h

AgSCF3 (2.0 equiv)
NayS,0g (3.0 equiv)
CuS0,4.5H,0 (2.0 equiv)

Toluene/H,0 (1:1)
80 °C, Ar, 8 h

AgSCF; (2.0 equiv)
K5S,05 (3.0 equiv)
K>CO3 (1.0 equiv)

MeCN/H,O (1:1)
110 °C, Np, 24 h

up to 75% yield

o _SCF3
R~©/\/

18 examples
up to 73% yield
E/Zupto97:3

o
SCF,
R

9 examples
up to 69% yield

R2
: l\ SCF,
R?
X700

18 examples
up to 95% yield

Scheme 4.95 Decarboxylative trifluoromethylthiolation using AgSCFz/SZOBZ*.

In 2019, Cook and coworkers reported a copper-catalyzed trifluoromethylthiola-
tion of C(sp*)—H bond of an alkane using AgSCF, as the trifluoromethylthio source
based on 1,5-hydrogen atom transfer (1,5-HAT) process [174] (Scheme 4.98). It was
proposed that a copper(I) species first reacts with fluorosulfonamide in the sub-
strate to produce a high-energy N-centered radical and a Cu(II) species. The nitro-
gen radical then abstracts a hydrogen through 1,5-HAT to generate an alkyl radical.
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Chen’s work

K5S,04 (2.0 equiv)
Akyl—H *+ AgSCFs Alkyl—SCF4
MeCN, 60 °C, 12 h

(2.0 equiv) (1.0 equiv)

Tang’s work

Na,S,0g (4.0 equiv)
Alkyl—H *+ AgSCF,4 Alkyl—SCF3
MeCN/H,O/DCE, 35 °C

(5.0 equiv) (2.5 equiv)

Scheme 4.96 Trifluoromethylthiolation of unactivated C(sp®)-H using AgSCF,/S,04%".

OBz R4
N Cu(OAc), (20 mol%) N SCF,
' + AgSCF3 |
. DCE, 80 °C, 12 h ;
RZ R® R4 (1.5 equiv) R 7 R3

R!

15 examples
up to 89% yield

Scheme 4.97 Copper-catalyzed trifluoromethylthiolation/cyclization of unactivated
alkenes.

Meanwhile, the Cu(II) species reacts with AgSCF; to form Cu(II)SCF,, which is oxi-
dized by the alkyl radical to give a Cu(IIl) intermediate with an alkyl group and
a SCF;. Reductive elimination from this intermediate produces the desired trifluo-
romethylthiolated compounds.

Cu(OTf), (10 mol%)
2,2-Dipyridine (15 mol%)

H F CsBr (3.0 equiv) SCF3 H
I + !
N AgSCF3 N
R~ ~SOLAr , DCE, 60 °C, 24 h RN SOLAr
(2.0 equiv)
24 examples

up to 85% yield

Scheme 4.98 Copper-catalyzed trifluoromethylthiolation of C(sp*)—H bond based on
1,5-HAT.

Likewise, Xiao and coworkers reported in 2018 a silver-mediated trifluo-
romethylthiolation of alkane C(sp®)—H bond using trifluoromethylsulfinyl
chloride as the trifluoromethylthio source and triphenylphosphine as the reducing
reagent [175]. In general, the tertiary C—H bonds of various alkanes were suc-
cessfully trifluoromethylthiolated (Scheme 4.99). It was proposed that CF,SOCI is
reduced by PPh, to in situ generate CF,SSCF;. At the same time, electron transfer
between Ag(I) and K,S,0, generates SO, ~, which abstracts a hydrogen from the
weakest tertiary C—H bonds of alkane to give an alkyl radical. Quenching the
radical by CF,SSCF, affords the desired product.
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Ag,CO3 (1.0 equiv)
PhgP (1.5 equiv)
K5S,04 (1.5 equiv)
Akyl—H * CF5;SOCI Alkyl—SCF3
MeCN, 60 °C, 12 h 20 examples
up to 86% yield

(1.5 equiv) (1.0 equiv)
Scheme 4.99 Silver-mediated trifluoromethylthiolation of inert C(sp®)—H bond.

4.4.2 Electrophilic Reagents Involved in Radical
Trifluoromethylthiolation

A secondary type of radical trifluoromethylthiolation reaction involves the partic-
ipation of electrophilic trifluoromethylthiolating reagents. In this type of reaction,
an alkyl radical is generated from the substrate, and subsequently quenched by an
electrophilic trifluoromethylthiolating reagent to give the corresponding product.

Early in 2014, Lu, Shen, and their coworkers reported a silver-catalyzed decar-
boxylative trifluoromethylthiolation of alkyl carboxylic acids with Lu-Shen’s
reagent in a mixed solvent of CH,CN/water [176]. A variety of secondary and
tertiary alkyl carboxylic acids underwent decarboxylative trifluoromethylthiolation
smoothly to give the corresponding alkyl trifluoromethylthioethers in high yields. It
was found that a surfactant sodium dodecyl sulfate (SDS) played a crucial role in the
reaction since it generates “oil-in-water” droplets. The silver-catalyzed decarboxyla-
tion of the alkyl carboxylic acid process took place in the water phase to give an alkyl
radical, which penetrated into the oil phase to react with trifluoromethylsulfenate
to give the corresponding product (Scheme 4.100).

I OSCFy AgNO; (30 mol%)

nC 15H25S05Na (20 mol%)
R-COH * : R-SCF,
K5S,0¢ (1.0 equiv) 21 examples

MeCN/HZO (1 : 2), 50°C,12h up to 91% yield

(1.5 equiv)

Proposed mechanism:

Water phase : Qil droplet I OSCF;
/_E\ CO;
Ag' | RCOAQ" j ‘R R-SCF,
KpS05 | HO,CR

Scheme 4.100 Decarboxyltrifluoromethylthiolation of alkyl carboxylic acid using Lu-Shen
reagent as radical quencher.

In 2015, Yang and Shen developed an iron-mediated Markovnikov-selective
hydro-trifluoromethylthiolation of unactivated alkenes with trifluoromethylsulfenate
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(Lu-Shen reagent) [177]. Preliminary mechanistic studies suggests that an [Fe-H]
species, which is in situ generated by iron(III) salt and BH,, adds to the alkene
to give an alkyl radical. The radical is then quenched by the electrophilic trifluo-
romethylthiolating reagent (Scheme 4.101). Very recently, a similar Co-catalyzed
Markovnikov-selective hydro-trifluoromethylthiolation of unactivated alkenes with
PhSO,SCF, was reported [178] (Scheme 4.101).

OSCF,
RS (15 equiv)  Eo(NO,), 9H,0 (1.5 equiv) R3
R ﬁ/ . or BHy+THF (5.0 equiv) RH)\H
Re 10 MeCN/H,O (1:1),0°C,30 min  R? SCF,
N—SCF4 22 examples
up to 90% yield
0 (1.5 equiv)

Co(OAC),* 4H,0 (6.0 mol%)
Ligand (6.0 mol%)

/\ ‘BUOOH (30 mol%) 8CFs  [Bu SN XcozK
R + PhSO,SCF, R)\/H
PhSiH; (1.2 equiv) OH

(2.0 equiv) EtOH, rt.6 h 18 examples Bu
up to 91% yield Ligand

Scheme 4.101 Metal-mediated/catalyzed hydro-trifluoromethylthiolation using
electrophilic reagents as radical quenchers.

4.4.3 Visible Light-Promoted Trifluoromethylthiolation by Using
Electrophilic Reagents

In addition to the transition metal-promoted radical trifluoromethylthiolation
methodologies, visible light-promoted radical trifluoromethylthiolation emerged
recently. In general, visible light-induced radical trifluoromethylthiolation strategy
can be divided into two different types of reaction modes. (i) The electrophilic
trifluoromethylthiolating reagent is first reduced by the photocatalyst to generate
-SCF;, which then gets involved in the subsequent reaction. (ii) The radical is
initially generated under visible irradiation in the presence of photoredox catalyst
and then quenched by an electrophilic trifluoromethylthiolating reagent.

In 2016, Glorius and coworkers reported the first visible light-promoted triflu-
oromethylthiolation of styrenes using N-(trifluoromethylthio)phthalimide as the
trifluoromethylthio source in good yields [179]. It was proposed that assisted by the
halide additives, N-(trifluoromethylthio)phthalimide is reduced by the photoredox
catalysis to deliver -SCF; in an oxidative quenching cycle. Addition of -SCF; to
styrene gives a benzylic radical, which is oxidized by the photoredox catalyst to
become benzylic cation. a-Hydrogen elimination from this cation generates the
corresponding product (Scheme 4.102).
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0O fac-[Ir(ppy)s] (0.5 mol%)
R "Bu,NBr (1.0 equiv) R SCF,
>: + N—-SCF > —
Re 8 MeCN, r.t., 14-70 h R2
Blue LED (4ax = 455 nm
O (Fx ) 16 examples
(1.3 equiv) up to 96% yield

(1) TMSOTT (1.2 equiv.)

2,6-lutidine (1.5 equiv.)
DMF, rt., 1 h LZ/
N—SCF SCF.
HO 8 2) fac-[Ir(ppy)3] (1.0 mol%) 0 R 3

"BuyNBr (2.0 equiv)

8 examples
rt,24 h o
(2.0 equ|v) up to 73% yield
Blue LED (455 = 455 nm)
Proposed mechanism:
Phthal

fac-{Ir(ppy)sl” [“F4CS-B
H+
Radical

Ar/\/SCF3 A/\/SCFS addition

ArT

fac- [|I’ ppy F3CS Br’ \Q_/
i \ @E‘éN SCF,
£ Photoredox Halide
acIr(ppy)sl  catalysis catalysis
N / ]
Ar/\/SCFS
T

Scheme 4.102 Reaction and proposed mechanism of visible light-promoted
trifluoromethylthiolation using N-(trifluoromethylthio)phthalimide as electrophilic
reagents.

Density-functional theory (DFT) calculation by Cheng, Xue, and coworkers has
established that electrophilicity and the bond strength of the N—SCF, bond of the
electrophilic trifluoromethylthiolating reagents is correlated to the acidity of the
corresponding amide moiety of the reagent [180]. Based on Glorius’s work, it is rea-
sonable to expect that more electrophilic trifluoromethylthiolating reagents such as
N-trifluoromethylthiosaccharin (Shen reagent) should be easier to generate -SCF,
under similar reaction conditions.

In 2017, Magnier and coworkers reported that under photoredox catalysis,
N-trifluoromethylthiosaccharin underwent homolytic N—S bond cleavage to give
trifluoromethylthio radical, which further reacted with N-aryl acrylamide to give
radical addition/cyclization products in high yields [181]. The same protocol could
be extended to trifluoromethylthiolative difunctionalization of styrene derivatives
(Scheme 4.103). Similarly, Fu and coworkers found that trifluoromethylthio radical

¢



4.4 Radical Trifluoromethylthiolation | 161

could be generated from N-trifluoromethylthiosaccharin under similar condi-
tions, which was then added to olefinic amides or N-(o-cyanobiaryl)acrylamide
to give benzoxazine, oxazoline, or ring-fused phenanthridine derivatives in
high yields [182, 183] (Scheme 4.103). Likewise, under similar conditions,
N-trifluoromethylthiosuccinimide could also be used as trifluoromethylthio radical
precursor for difunctionalization of styrenes [184] (Scheme 4.104).

RS
R1
R! O
N~ ~O
N
Re

R?
20 examples
up to 91% yield

)
R2

1
L

22 examples
up to 85% yield

H Oiﬁ/ﬂ\\ F4CS
fac-[Ir(ppy)] 0

MeCN, r.t.
Blue LED R

[- SCF3]

22 examples
up to 75% yield

0
NHCOR'

B

N~ ~R?

19 examples
up to 92% yield

2
R1jz R scr,
0

11 examples
up to 88% yield

Scheme 4.103 Visible light-promoted trifluoromethylthiolation using
N-trifluoromethylthiosaccharin as electrophilic reagent.

The second type of radical trifluoromethylthiolation model was also reported
by Glorius and coworkers for visible light-promoted decarboxylative trifluo-
romethylthiolation of aliphatic carboxylic acids [185]. In this work, rather than
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O
fac-[Ir(4-MeO-
RS R? [(0( 5 mol%')apwal HO  SCFq
— + N_SCFS ; R3 \ [ R2
Ar =Y Acetone/H,0, r.t. 24 h Ar =Y
e} Blue LED (4ax = 425 nm)
15 examples

(1.5 equiv) up to 95% yield

Scheme 4.104 Visible light-promoted trifluoromethylthiolation using
1-(trifluoromethylthio)-pyrrolidine-2,5-dione as electrophilic reagent.

in situ generating -SCF; from N-(trifluoromethylthio)phthalimide via photoredox
catalysis, an alkyl radical was initially generated from the corresponding alkyl car-
boxylic acid under photocatalytic cycle, and subsequently quenching of the alkyl
radical by the electrophilic reagent N-(trifluoromethylthio)phthalimide gave alkyl
trifluoromethylthioethers (Scheme 4.105).

o [Ir(dF(CF3)ppy),(dtbbpy)IPFs

(2.0 mol%)
or organic dye (5.0 mol%)
R-CO,H * N—SCF; R-SCF;
CsOBz (0.2 equiv)
] 17 examples

e} Hydrogen donor (2.0 equiv)

_ C4HF, Blue LEDs, rt, 4n UP 10 94%yield
(2.0 equiv)
Roog
T
RCO,
R—SCF,
Photocatalytic
e cycle Ir” N-SCFq Phth™
Hole-
Phth- catalyst R

chain

- R-SCF,4

Phth
O
@N_SCFS

(0}

Scheme 4.105 Visible light-promoted trifluoromethylthiolation involving radical
quenching by electrophilic reagent.

Inspired by the success in trifluoromethylthiolation of aliphatic carboxylic acids,
the same group reasoned that if an alkyl radical could be generated through
hydrogen atom transfer (HAT) process under photoredox catalysis, a more straight-
forward method for the preparation of alkyl trifluoromethylthioether could be
developed. In 2016, Glorius and coworkers realized such a reaction by employing
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sodium benzoate as the HAT reagent [186]. Selective trifluoromethylthiolation
of several alkyl compounds can be accomplished with high selectivity in good to
excellent yields (Scheme 4.106). Similarly, Zhu’s group developed an umpolung
trifluoromethylthiolation of unactivated tertiary alkyl ethers [187]. In this reaction,
the thiyl radical generated under photoredox catalysis abstracts the weakest hydridic
a-C-H group of the ether to generate an alkoxyl radical. Homolytic cleavage of the
C—O bond forms the tertiary alkyl radical, which is then quenched by electrophilic
trifluoromethylthiolating reagent to give the product (Scheme 4.106). Applying
the same strategy to benzylic C—H bonds led the same group to achieve efficient
trifluoromethylthiolation of benzylic C—H bonds [188] (Scheme 4.107).

Glorius’ work:
[Ir(dF(CF3)ppy)2(dtbbpy)IPFg
(e} (1.0 mol%)
PhCO,Na (5.0 mol%)
Alkyl—H + N-SCFy Al SCFy
BI LEg‘e/? " r—'t:tss 21 examples
ue (Amax = nm) up to 96% vyield
(1.5 equiv)
Zhu's work:
o 4CzIPN (2.0 mol%)
1 Thiol organocatalyst R
R'_O__OR % S
ZX Y . N_SCF, (2.0 mol%) ) 3
Rty T K,CO4(0.1 equiv.) R" Re
CHClp, rt., 1224 h 55 examples
R = Me or methoxymethyl (15 equiv) Blue LED up to 73% yield

Scheme 4.106 Radical trifluoromethylthiolation of unactivated C(sp®)-H under
photocatalytic/organocatalytic conditions.

4CzIPN (2.0 mol%) SCF,

H 0
R2 KQCO3 (20 mol%) R2
N—-SCF
R Re 3 MeCN, rt, 12-24 h R1—©/;
o) Blue LED

(1.3 equiv)

Scheme 4.107 Visible light-promoted trifluoromethylthiolation of benzylic C—H bonds.

Photoredox catalysis could also combine with transition metal catalysis to develop
new trifluoromethylthiolation reactions. For example, Xu and coworkers described
a dual gold and photoredox catalysis system for trifluoromethylthio/sulfonylation
dual-functionalization of alkenes and alkynes [189, 190]. Particularly, arylsulfonyl
anion, which is formed from the electrophilic reagent, can be utilized as the nucle-
ophile in this reaction (Scheme 4.108).

Finally, recent studies from Qing’s group showed that not only the electrophilic
trifluoromethylthiolating reagents could be engaged in photoredox-promoted
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N SCF,
R JEj/K/sozph

Ru(bpy)sCl, (2.5 mol%), (IPr)AuCl (10 mol%)

AgSbF¢ (15 mol%), DCE, r.t., blue LED 19 examples
up to 90% yield
R'——R? R1
PhsPAUNT, (0.5 mol%), Ru(bpy)sCl, (0.1 mol%) Fscs)\(SOZPh
dioxane, r.t., blue LED R2
_ 18 examples
1_@ -
R—= ;(_ -2 up to 86% yield
\ SO,Ph
‘>7 X = N, o) R 2 SOZPh
= or N n=1-2
Ph3PAUNTf, (0.5 mol%), Ru(bpy)sCl, (0.1 mol%) X X
dioxane, r.t., blue LED
SCFs SCF,
10 examples
up to 86% yield

Scheme 4.108 Visible light-promoted dual gold and photoredox-catalyzed trifluoromethylthiolation of alkenes and alkynes.
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radical trifluoromethylthiolation reaction, trifluoromethanesulfonic anhydride
(Tf,0), which is a cheap, commercially available reagent, could also be used as
trifluoromethylthio source. In 2019, Qing and coworkers reported such a reaction
for anti-Markovnikov selective hydro-trifluoromethylthiolation of unactivated
alkenes and alkynes [191]. The addition of a phosphine Ph,MeP as the reducing
reagent was important for the reaction (Scheme 4.109). It was proposed that
reaction of Ph,MeP with Tf,O generates [R,P-OTf], which is further reduced by
the phosphine to give [Ph,SPMePh,]*OTf". This intermediate can then be easily
reduced by the Ir'! complex to generate -SCF;. Addition of the trifluoromethylthio
radical to alkene or alkyne, followed by reducing the resulting alkyl or alkenyl
radical by the ItV species, gives the corresponding alkyl or alkenyl anion. The anion
is then quenched by H, O to give the final product.

Ir(dF-ppy)s (1.5 Mol%)

PMePh, (3.0 equiv) H
H,0 (2.0 equiv)
Ro t (CFS0,0  — : R_A_SCF,
(8.0 equiv) Bu,NPFg¢ (2.0 equiv)
DCE, rt., 12 h, LEDs 18 examples

up to 92% yield

Ir(dF-ppy)3 (1.5 mol%)
PMePh, (3.0 equiv)
R2 H,0 (2.0 equiv)

R2
=+ (CF480,),0 R
A 5 equiy "Bu,NPF, (2.0 equiv) P,

(3.0 equiv)
DCE, r.t., 12 h, LEDs

R

Scheme 4.109 Visible light-promoted hydro-trifluoromethylthiolation of unactivated
alkenes and alkynes using trifluoromethanesulfonic anhydride as reagent.

4.5 Summary and Prospect

Owing to the special properties of trifluoromethylthio group and the increasing
demands of the trifluoromethylthiolated molecules in the field of pharmaceutical
and agrochemical industry, the past 10years have witnessed the explosive devel-
opment of methodologies for the efficient incorporation of the trifluoromethylthio
group, including transition metal-catalyzed trifluoromethylthiolating reactions,
electrophilic trifluoromethylthiolating reactions via highly reactive electrophilic
trifluoromethylthiolating reagents, and radical trifluoromethylthiolation. These
methods have provided useful tools for the introduction of the trifluoromethylthio
group that could potentially facilitate the new drug discovery. Nevertheless,
high-efficiency, low-cost trifluoromethylthiolating methodologies are still urgent to
be actively explored.
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5.1 Introduction

The vicinal bifunctionalization of alkenes is an attractive transformation that con-
verts feedstock olefins into valuable molecules for application in pharmaceutical,
agrochemical, medical, and material sciences. Among the methodologies devel-
oped, transition metal-catalyzed fluorination and trifluoromethylation of organic
molecules has received much attention. Especially, during the recent decade,
palladium and copper were demonstrated to be excellent metals for fluorination
and related reactions. In this chapter, we mainly focus on two aspects: one is the
palladium-catalyzed fluorination and related reactions, such as trifluoromethy-
lation and trifluoromethoxylation. The other is the copper-catalyzed radical
trifluoromethylation of alkenes and the corresponding enantioselective versions,
which are mainly initiated by addition of trifluoromethyl radical to alkenes. Those
reactions initiated by nucleocupration of alkenes are not discussed here.

5.2 Palladium-Catalyzed Fluorination,
Trifluoromethylation, and Trifluoromethoxylation
of Alkenes

Owing to the strong negative property of fluorine anion and stability of the
fluorine-containing anion, it is challenging to bring about reductive elimination
from the metal center. Recently, a high-valent palladium strategy was applied for the
synthesis of fluorine-containing organic molecules that are typically inaccessible
by other methods [1]. Early literature showed that high-valent palladium (III or IV)
has different property than palladium(II) species [2]. Reductive elimination from
high-valent palladium is favored over p-hydride elimination, which facilitates the
C—C and C—X bonds formation.

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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5.2.1 Palladium-Catalyzed Fluorination of Alkenes

In Sanford’s work, electrophilic fluorinating reagents were employed as both the flu-
orine source and oxidant to realize C-H fluorination reaction, in which a high-valent
PdF species was proposed and later proved by others [3]. However, the employment
of nucleophilic fluorinating reagents was rarely reported at that moment. Liu and
coworkers reported a palladium-catalyzed regioselective aminofluorination of
alkenes using PhI(OPiv),/AgF (Scheme 5.1) [4]. It is worth noting that inorganic
fluoride was first used as the fluorine source to conduct oxidative fluorination of
organopalladium complex. A series of p-fluoropiperidines can be synthesized in
good to excellent yields with high regioselectivities. This catalytic system was further
extended to the synthesis of fluorinated cyclic sulfamide derivatives [5]. Mechanistic
studies indicated that this reaction proceeds via trans-aminopalladation of alkenes
with attack at the terminal carbon, generating a secondary alkyl-Pd(II) complex,
followed by oxidation with PhI(OPiv),/AgF and finally reductive elimination from
Pd(IV) intermediate leading to the p-fluoropiperidines.

Pd(OAC), (10 mol%)

- PhI(OPiv), (2 equiv) R! F
R'R AgF (5 equiv), MgSO, R2
A~ XK UNHTs
= CH4CN, rt. N
Ts
F F Ph F F F
Ty O~y O QO
N N N N N
Ts Ts Ts Ts Ts
84% 80% 83% 89% (13:1)  87% (4:1)

Proposed mechanism:

R R I
A~ X _NHPG . P : PdYF . F
= endo R [OF R R

N trans-AP N N RE N
Pd(OAc), PG bG PG

Scheme 5.1 Palladium-catalyzed 6-endo aminofluorination of alkenes.

Similar chlorination reaction suggested that a reversible aminopalladation was
involved, and the oxidation of a secondary alkyl-Pd(II) complex was much faster
than that of a primary alkyl-Pd(II) complex [6]. Thus, the regioselectivity of
aminofluorination can be completely switched from 6-endo to 5-exo cyclizations
by installing a chelating group on nitrogen. Later, Liu and coworkers achieved the
5-exo aminofluorination of alkenes to give the challenging primary C—F bonds
(Scheme 5.2) [7]. Both monofluoromethylated pyrrolidines and imidazolines were
obtained in moderate to good yields.

The intermolecular aminofluorination reaction of styrenes was further studied
(Scheme 5.3) [8]. Screening of the nucleophiles indicated that sulfonylamides were
efficient nucleophiles for this reaction.
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R1
R! = Pd(OAc), (5 mol%) sz—\
RZ{\/ PhI(OPiv), (3 equiv) N
NH AgF (3 equiv), 2-MeBQ (1 equiv) ){ F
R3 - RS_N (0]
0~ "N~ HFIP (2.5 equiv) L,
|:';4 Toluene, r.t. R

33-82% yield
Scheme 5.2 Palladium-catalyzed 5-exo aminofluorination of alkenes.

SONHME b 401 (CHLCN),» (10 mol%s)

PhI(OPiv), (2 equiv) I
R{j/\ + AgF (3 equiv) R A NMbs
= T
OMe CH3CN, 0-35 °C =

(10 equiv) (MbsNHMe) Up to 67% vyield

Scheme 5.3 Palladium-catalyzed intermolecular aminofluorination of alkenes.

Electrophilic fluorination reagents can be employed as both fluorine source
and oxidant. Gouverneur and coworkers developed a cis-hydrofluorination
of alkenylarenes with Selectfluor (Scheme 5.4) [9]. The addition of hydrogen
and fluorine across the double bond is syn stereospecific; thus, the reaction of
E-trisubstituted alkenes gives the anti-hydrofluorination products, while the Z-ones
give the syn-products. Mechanistic studies indicate that the reaction is initiated
with a reversible syn hydropalladation, and then the C—F bond is formed from
high-valent palladium center with the retention of configuration.

Pd(PPh3), (10 mol%)
Et3SiH (3 equiv)

R’ R F
N R2 Selectfluor (3 equiv) N R3
3l 3l
R MeCN, 0 °C, 2 h R J n

F F F F
Ph AcO CO,Me

69% 99% 58% 66%
OAc =
iPr
549 65% From E-sub From Z-sub

67% (dr >20 : 1) 41% (dr >20 : 1)
Scheme 5.4 Palladium-catalyzed hydrofluorination of alkenes.

Toste and coworkers found that direct arylfluorination of styrenes occurred in
the presence of palladium acetate and 4,4’-di-tert-butylpyridine, in which the amide
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group served as a chelating group to stabilize the high-valent palladium intermediate
and avoid the oxidative Heck reaction (Scheme 5.5) [10]. When 8-aminoquinoline
was employed as the directing group, the intermolecular arylfluorination products
were formed in moderate to good yield with different types of arylboronic acids.

Pd(OAC),/L1 (15 mol%) Q
(2-EthylhexylO),PO,H (30 mol%) B NHA
Selectfluor (2 equiv) R Q
Pz F
Tert-Butylcatechol
CH,CI5/H,0, r.t., 24 h
avene R2" Ar
NHAQ NHAQ O NHAQ
NHBoc O
81% cl 62% 45%

0 o)
M
NHAQ e0 NHAQ NHAQ
F F
co2
O C
65‘7 80% 73%

Scheme 5.5 Palladium-catalyzed 1,2-arylfluorination of alkenes.

The enantioenriched benzylic fluorides were obtained if bipyridine was switched
to chiral pyridyloxazoline L2 (Scheme 5.6). The reactions provide various enantioen-
riched benzylic fluorides in good yield.

o]
N /© Pd(OAC),/L2 (15 mol%)

H (2-EthylhexylO),PO,H (30 mol%)
Selectfluor (2 equiv)

B(OH), tert-Butylcatechol
/©/ CH,ClyH,0, rt., 15 h

Scheme 5.6 Palladium-catalyzed enantioselective 1,2-arylfluorination of alkenes.

76% (96% ee)

As mentioned in the above reaction, the directing group is important for inhibit-
ing p-H elimination reaction. When allylamines are subjected to the reactions
instead of styrenes, the reactions afford the 1,1-arylfluorination rather than
1,2-arylfluorination products (Scheme 5.7) [11]. The lack of efficient coordination
of amine to palladium species leads to p—H elimination and reinsertion step to form
a more stable benzylic palladium intermediate. Related asymmetric reaction was
achieved with Box ligand L3 to give chiral benzylic fluorides in good to excellent
enantioselectivities.

¢
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} ES\/\ - B(OH); Conditions A or 8 S\/\/O ): />_<\
o' o O U

75% (A) 67% (A 65% (A 70% (A
46%; 90% ee (B) 47%; 88% ee 51%; 91% ee 43%; 90% ee
\/\/© ~ NMY@ @\/ MY@ ©\ /\/\Q
COzMe
68% (A) 71% (A 68% (A) 60% (A)
35%; 81% ee (B) 55%; 81% ee B) 54%; 84% ee (B) 42%; 66% ee (B)

Condition A: Pd(OAc), (5 mol%), tert-butylbipy (6 mol%), Selectfluor (2 equiv), CH,Cl,/H,O/MeCN (10:2: 1), r.t., 18 h
Condition B: Pd(MeCN),Cl, (5 mol%), L3 (6 mol%), Selectfluor (3 equiv), benzene/H,O/BnCN (8:8:1),4 °C, 18 h

Scheme 5.7 Palladium-catalyzed 1,1-arylfluorination of alkenes.

Compared to aminopalladation, the related fluoropalladation has not been
reported due to the special property of fluorine element, such as weak nucleophilic-
ity and weak bonding with the soft transition metal catalysts. Liu and coworkers
developed a regioselective palladium-catalyzed intermolecular aminofluorination
of styrenes, in which a stoichiometric amount of N-fluorobenzenesulfonmide
(NFSI) was used as the fluorine and amine source (Scheme 5.8) [12]. Diverse
aminofluorination products from styrenes were obtained in moderate to good yields
under mild condition. Markovnikov regioselectivity is observed in these products,
which is complementary to their abovementioned aminofluorination reactions,
although with different mechanisms.

Pd(OAC)Z (5 mol%) N(sozph)2 Ph Ph
XX L4 (7.5 mol%) F —
R:— : RIC X \ 78\
= NFSI (2.5 equiv) T N N=
Dioxane, 40-50 °C L4
N(SO,Ph), N(SO,Ph), N(SO,Ph), N(SO,Ph),
F F F F
F
Br
76% 80% 77% 62%
N(sozFPh)2 N(SO,Ph), N(SO,Ph), N(SO,Ph),
F
F
AcO
67% 72% (dr2.2: 1) 88% (dr4 : 1) 84% (dr 3: 1)

Scheme 5.8 Aminofluorination reaction of styrenes initiated with fluoropalladation.
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Preliminary studies indicated that fluoropalladation of styrenes may be involved.
First, a F-Pd(II)-NZ, species int.-II is formed from the oxidation of Pd(0) com-
plex int.-I by NFSI (Scheme 5.9). Then fluoropalladation of styrene gives the Pd(II)
species int.-III, which is oxidized by NFSI to give the Pd(IV) intermediate int.-IV,
and the following reductive elimination forms the C—N bond. The authors consid-
ered that the fluoropalladation process will open a new pathway for constructing the
C—F bond. With the same reaction pattern, the intramolecular aminofluorination
reaction of styrenes afforded a collection of fluorinated pyrrolidines [13].

_______________ > Ar B
5NFSI=F—N225 CN‘P /[Ar elimination Ar/\““F
' (Z=80,Ph) ! Fluoropalladation
-------------- Int.-1Il By-product
N. NFSI CN _F NFSI
CoPdo) —= Nz,
Intl Int.-1l
nt.- F
N /[A
N:l%d‘NZ r
NZ, NZ,
F Int.-1IV
Ar

Scheme 5.9 Proposed mechanism of palladium-catalyzed aminofluorination.

This reaction mode was further applied to the intermolecular fluoroesterification
of styrenes (Scheme 5.10) [14]. The ligand exchange between carboxylic acids and
N(SO,Ph), anion is facilitated when the acid is of weak nucleophilicity but strong
acidity, such as CF,CO,H and CCl,CO,H. When trifluoroacetic acid was used as
the nucleophile, the related ester products were not stable enough and were easily
hydrolyzed by pyridine to give fluoroalcohols. However, the trichloroacetate esters

Pd(OAc), (5 mol%) O,CR OH
L5 (7.5 mol%) . F
R:_(j/\ NFSI (3 equiv) o @/\/F Pyridine R@)\/
LA S—— T 1
7 RCOOH (5 equiv) / MeOH Z
1,4-Dioxane, 30 °C R =CFg, CCl3

50% 84% 81% (dr 1.3 : 1) from E-sub 88% (dr 1:2)

87% (1 :2.3) (from Z-sub)

ozccma 0,CCCly
F
65% 85% 70% 80%

Scheme 5.10 Palladium-catalyzed fluoroesterification of styrenes.
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were stable enough for isolation. In contrast, the reactions of weak acids with strong
nucleophilicity, such as HOAc and BzOH, still formed aminofluorination products,
rather than oxyfluorination products. The reaction presented an efficient synthetic
pathway to afford a series of monofluoromethylbenzyl alcohols and esters in good
to excellent yields. This reaction was further extended to intramolecular reaction
with a tethered alcohol, giving the fluorinated tetrahydrofuran derivatives in good
yields [15].

Liu and coworkers discovered that a sulfonyl radical species can be formed by the
oxidation of NFSI and palladium catalyst [16]. A novel Pd-catalyzed intermolecular
regio- and diastereoselective fluorosulfonylation of styrenes was developed. This
reaction tolerates a wide range of functional groups in the styrene and arylsulfinic
acid substrates to afford various B-fluorosulfones (Scheme 5.11). The reactions
of both E- and Z-alkenes give anti-specific fluorosulfonylation products in good
yields.

a =
[PA(CHaCN),I(BF,) (5 mol%) F
L R2 L6 or L7 (75 mol%) : 2 /A N_g
x 7 , N R
i ArSO,H (2 equiv), NFSI (1.5 equiv) RO/\( =N =
4

& THE rt., N, SOAT | L6:R=H, R =p-BrCeH,
B e L7:R=R" =Me
©)” O ©)” L W@
/
Bu s Bu
72% 80% 77% 47%

< '.:
H : F 0,
OH ©/\|/\NPhth .S
0,8 0,8 0.8 \Q
2
Bu Bu S

From E-sub, 64% (dr >20 : 1) From E-sub, 72%
From Z-sub, 73% (dr >20 : 1) From Z-sub, 68%

dr>20:1) From E-sub, 60% (dr >20 : 1) 529% (dr 20 : 1)

(
(dr>20: 1)

Scheme 5.11 Palladium-catalyzed fluorosulfonylation of styrenes.

A preliminary mechanistic study revealed that a high-valent palladium species
was formed from the reaction of NFSI and palladium(II) salt, which acted as an
oxidant to generate a sulfonyl radical species (Scheme 5.12). The sulfonyl radical
was added to alkenes generating a benzyl radical, but the C—F bond formation
was significantly different from the previous radical fluorination process. Owing to
the high diasteroselectivities observed, it was more likely that a high-valent LPd"'F
species site selectively occurred with a benzylic radical to deliver a C—F bond. Sim-
ilar radical fluorinations could be achieved by other metals such as silver, iron, and
soon [17].

5.2.2 Palladium-Catalyzed Trifluoromethylation of Alkenes

Inspired by the oxidative fluorination studies, Liu and coworkers further studied
the combination of hypervalent iodine reagent and the Ruppert-Prakash reagent
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SOZAI' SO Ar
Ar (L)Pd~Soivent
Less effective catalyst

/”\ oI

R 12+

2+
= N . \N —
>_ OzAr Pd“[‘ =

" SOzAr /\ [L,Pd]?*  Active catalyst
,,’/ Ar’ \/\ R NESI
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rSe ¥
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Side reaction @ 0
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Scheme 5.12 Proposed mechanism of palladium-catalyzed fluorosulfonylation.

(TMSCF;) as a nucleophilic trifluoromethylation reagent. The oxidative aryltri-
fluoromethylation reaction of alkenes proceeded efficiently to provide various
trifluoromethylated oxindoles under mild conditions (Scheme 5.13) [18]. Other
electrophilic [CF,*] reagents, such as Togni’s reagent and Umemoto’s reagent, were
ineffective for the transformation. The addition of catalytic amount of Yb(OTf), was
beneficial for improvement of the yields. An achiral Box ligand was employed in this
reaction; however, no enantioselectivity was observed with a chiral Box ligand. It is
important to note that diene substrate can be converted to a single diastereomer in
62% yield, which indicated the involvement of a C(sp?)-Pd intermediate generated
via arylpalladation of alkenes (Scheme 5.14).

Further electrospray ionization-mass spectrometry (ESI-MS) experiments
observed fragment signals at m/z = 435, 678, and 668 that were consistent with the
proposed fragment mass of Pd(II) complex int. I [T - OAc]™ and Pd(IV) complexes
int. IV [IV - OAc]* and [IV - CF;]*. In addition, the signal at —27.1 ppm in the
19F NMR spectrum was indicative of an alkyl-Pd"V-CF; complex. Based on these
observations, the proposed reaction mechanism was provided in Scheme 5.14. The
final sp> C—CF? bond was derived from the reductive elimination of the Pd(IV)
center.

5.2.3 Palladium-Catalyzed Trifluoromethoxylation of Alkenes

Compared to fluorination and trifluoromethylation reactions, direct trifluo-
romethoxylation is less developed, due to the instability of the OCF; anion, and
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d(OAc), (10 mol%)

R3 o, R S
L8 15 moI %) S
O\ f Yb( OTf (20 mol%) | o fi_ A
Phi(OAc), (2 equiv) Z N
TMSCFQ/CsF (4 equiv)

EtOAc, r.t.

81% 58% 81%

Scheme 5.13 Palladium-catalyzed aryltrifluoromethylation of alkenes.
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Scheme 5.14 Proposed mechanism of aryltrifluoromethylation of alkenes.

limited trifluoromethoxide reagents. More importantly, the facile p-fluoride elim-
ination of the CF;O-ligated transition metal complex (MOCF;) further impedes
discovery of the metal-catalyzed trifluoromethoxylation reactions. Liu and cowork-
ers envisioned that the facile reductive elimination of high-valent palladium center
might deliver the desired C—OCF; bond. After screening of the oxidants, they
found that Selectfluor was a more suitable oxidant than I(III) reagents, providing
higher yields with better reproducibility. The aminotrifluoromethoxylation reaction
underwent 6-endo cyclization to yield f-CF,O substituted piperidines in good yields
(Scheme 5.15) [19]. It is important to note that this reaction was the first catalytic
reaction that incorporated the OCF; group into organic molecules.
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PdCl,(CH3CN), (10 mol%)

1 1
R AgOCF5 (3 equiv) > OCFy
\t\/ Selectfluor-BF, (2 equiv) R
N
NHTs CH4CN/THF, —20 °C Ts
OCF, Ph OCF;  Bn OCF; MeO,C OCF,
N N N N
Ts Ts Ts Ts
72% 80% 71% 37%
N WNN
¥s -’|\-lS Ts Ts
71% 68% 82% (dr 1.6 : 1) 76% (dr 1 : 1.4)

Scheme 5.15 Palladium-catalyzed aminotrifluoromethoxylation of alkenes.

The mechanism of C—OCF; bond formation was carefully studied. First, Pd(IV)
fluoride complex 2 was obtained quantitatively with the oxidation of Selectfluor and
reacted rapidly with AgOCF; to afford a new palladium complex 3 at 0°C, which
was observed by 1°F NMR and 'H NMR. Upon warming the solution to room tem-
perature, the sp®> C—OCF; bond was formed in Pd(II) complex 4 via the reductive
elimination of PA(IV) trifluoromethoxide complex 3. The structure of Pd(IT) complex
4 was unambiguously determined by following derivatization with hydrogenation
and ligand exchanges (Scheme 5.16).

~ +
2 BF;
Selectfluor —l BFs ~ i 4
N,Pd [ CHSCN =N AgocF; PN
= = N” | w/wo THF = N" | ~OCF,
’ NCCHS 0°C X
(X = CH3CN or OCF3)
2 (in situ) 3 (in situ)
Quantitative yield Quantitative yield

OCF,
HCO,Na

F,CO
Warm to 3 a* BF,
25°C g\j 5 (34% from 4)
CHZCN/THF “NCCH )
3 3 NaCl FiCO_ -
4 (46% from 1) L N
“Pd
—

=N ~C
6 (40% from 1)

Scheme 5.16 Trifluoromethoxylation of palladium complex.
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Furthermore, an enantioselective version of this reaction was developed with the
stable CsOCF, as the trifluoromethoxide source (Scheme 5.17) [20]. AgOCF; was
replaced due to the competitive coordination of silver and palladium with chiral
ligands. A sterically bulky Pyox ligand was critical to the success of this reaction.
Reaction monitoring indicated that the reaction using CsOCF; was much slower
than that using AgOCF;; however, it was remarkably accelerated by adding the ster-
ically bulky Pyox ligand.

Pd(PhCN),Cl, (10 mol%) A
L9 (15 moi%) . LOCF, ae A o
Selectfluor® (1.2 equiv) N |
/\></ NHPG CsOCF; (4 equiv) l}l Ar L N\Z
CH,Cl,/CH3ZCN, —30 °C DMPs 9 Ph

(Ar = 3, 5-Bu,CgHy)

85% vyield, 93% ee

Scheme 5.17 Enantioselective palladium-catalyzed aminotrifluoromethoxylation of
alkenes.

The palladium-catalyzed dioxygenations of alkenes were thoroughly studied,
which were initiated through nucleopalladation, and followed by a sequential
oxidative cleavage. Liu and coworkers reported a novel palladium-catalyzed
intermolecular ditrifluoromethoxylation of unactivated alkenes (Scheme 5.18)
[21]. Higher oxidative potential was required in this reaction, and the designed
Selectfluor®™-OTf was the best one. This reaction afforded ditrifluoromethoxylated
products in moderate to good yields, along with the ineradicable Wacker-type
products. Based on the stereochemistry of this reaction, they proposed that the
reaction was possibly initiated by a high-valent Pd(IV) catalyst possessing strong
Lewis acidity, which underwent a cis-trifluoromethoxypalladation (FOP) process to
form an alkyl-Pd(IV) intermediate, which could undergo reductive elimination to
generate the major product.

Pd(PrCN),Cl, (15 mol %) CHZCN
2,6-F,-Py (75 mol %) OCF3 [ /j
RN + AgOCF,  Selectfluor®™.-OTf (3.0 equiv) OCF3 5 o
R i N@ 20Tt

Tf,O/PrCN/CH,CN, —20 °C ;
38-72% yield
: SelectﬂuorCN—OTf

Scheme 5.18 Palladium-catalyzed ditrifluoromethoxylation of alkenes.

5.3 Copper-Catalyzed Trifluoromethylative
Functionalization of Alkenes

Early studies on trifluoromethyl radical focused on the reactions of aromatic
rings. Since 2011, the copper-catalyzed intermolecular trifluoromethylation of
allylic C—H bonds with electrophilic trifluoromethyl reagents were independently
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developed by the groups of Buchwald, Wang, Liu, and coworkers [22]. Since
then, radical trifluoromethylation of alkenes has received increasing attention. A
plausible mechanism involved a radical process in which CF, radical was initially
generated from the reaction between electrophilic trifluoromethylation reagent
and copper(I) via single electron transfer (SET), followed by its addition to alkenes
to form an alkyl radical intermediate. The resulting alkyl radical intermediate
might be further oxidized to a carbocation, or combined with copper to form
alkylcopper(III) species. The introduction of other nucleophiles could achieve the
trifluoromethylative functionalization of alkenes (Scheme 5.19).

CF3*and Cu(l) e, Allylic trifluoromethylation
i\——' Cu(l R/\/\CFSE F{/\/\CF:;
N - CFy R/\O/\CFS +C:(ll)5 or —
- TR cF,| R/\/\CF:;
L CuNu N
FsC—1—0 FsC—I—0 Difunctionalization of alkenes
O
Togni- Togni-ll

Scheme 5.19 Trifluoromethylation of alkenes.

5.3.1 Copper-Catalyzed Trifluoromethylamination of Alkenes

In 2013, Sodeoka and coworkers disclosed a trifluoromethylamination reac-
tion of allylamines (Scheme 5.20) [23]. This reaction afforded a series of
p-trifluoromethylamine derivatives with high efficiency. Substrates bearing
different N-aryl rings were compatible with this reaction, and the benzylamine
derivative also gave the desired product under the reaction conditions. The authors
suggested that this N-migratory oxytrifluoromethylation reaction proceeded via an
aziridine intermediate, which would be attacked by various nucleophiles, such as
2-iodobenzoate, a common by-product in the generation of CF, from the Togni-II

H Cul (5 mol%) Ar

| _Ar \
N~ _Togni-ll (12 equiv) HN N
Ar” X o
tBUOH, 40 °C, 12 h O.__CF; ‘\ oF,
(0]

_ RCOO~
63-92% yield
Cul (5 mol%) R2
EtsN (20 mol%)
H « g2 _Togni-i (1.5 equiv) CFs
[N N W -
R CH,Cl,, 28 °C, 6 h N

40-82% yield

Scheme 5.20 Trifluoromethylamination reaction of allylamines.
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reagent. They also found 4-methylthiophenol, decanethiol, aniline, "BuOH, phenol,
and an indole derivative to be good nucleophiles for the reaction in the presence
of additional Lewis acids. This reaction was further applied to the synthesis of
trifluoromethylated pyrrolidines [24].

At the same time, Tan, Liu, and coworkers reported a copper-catalyzed
intramolecular trifluoromethylamination of alkenes with diverse nitrogen-based
nucleophiles (Scheme 5.21) [25]. For instance, primary aliphatic and aromatic
amines, sulfonamides, carbonates, and ureas can be employed in this reaction
to construct trifluoromethylated five-membered azaheterocycles. However, they
proposed that the reaction underwent CF; radical addition and single-electron oxi-
dation, and the resultant carbocation was trapped by nitrogen nucleophiles. Wang
and coworker also reported a similar reaction to synthesize trifluoromethylated
lactams [26].

Cul (10 mol%)
=
R2l X Togni-Il (1.5 equiv) Rel N
o =
= NHR1 DCE, 75 °C N‘ 1 CF3
R
R'=Ts, Ms, Bs, Ns, H 42-90% yield
_ Cu.l (10 mol%). E>_\
Togni-Il (1.5 equiv) N CF
o \ 3
NHTs DCE, 75°C Ts
91% yield
(0] 0]
_OMe Cu(acac), (20 mol%)
N Togni-Il (2.0 equiv) N-OMe
MeOH, 80 °C
| CF,
82% yield

Scheme 5.21 Intermolecular trifluoromethylamination reaction of alkenes.

In 2014, Liu and coworkers developed a copper-catalyzed intermolecular azi-
dotrifluoromethylation of alkenes using the less reactive Togni-I reagent as the CF,
source and TMSN; as the nucleophile (Scheme 5.22) [27]. The reaction exhibited
a broad substrate scope. For example, styrenes, mono- and disubstituted aliphatic
alkenes, electron-deficient alkenes, and cyclic alkenes were suitable for the reaction.
The reaction showed excellent diastereoselectivity for cyclic alkenes. Notably, the
silyl reagents are crucial to these reactions, and other azido sources, such as TsN;
and NaNj, are ineffective. In addition, trifluoromethylated alkyl isocyanides could
also be obtained with trimethylsilyl isothiocyanate (TMSNCS) as the nucleophilic
reagent under modified conditions [28].

5.3.2 Copper-Catalyzed Trifluoromethyloxygenation of Alkenes

In 2012, a few cases of catalytic trifluoromethyloxygenation of styrenes with Togni
reagent were independently reported by Sodeoka and Szabo [29], enabling direct
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CF
7”3 Cu(CH5CN),PFg ,
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R TMSN; (2 equiv) RoSCFs
DMA or CH3CN, r.t.
Togni-I
N3 N3 HsC N N3
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Scheme 5.22 Intermolecular azidotrifluoromethylation of alkenes.

introduction of 2-iodobenzoate. Loh and Feng reported the copper-catalyzed triflu-
oromethyloxygenation of enamides in methanol as the solvent (Scheme 5.23). In
this transformation, the imine intermediate was attacked by methanol to form the
pB-trifluoromethyl aminal products.

HAC CuCl (10 mol%) AcHN_ OMe
CF3
Rz MeOH, r.t., 20 h L2
Togni-II (1.1 equiv)
AcHN_ OMe
AcHN OMe CF, AcHN_ OMe AcHN_ OMe
CFS CF,
FsC
99% 99% 98% 09°%

AcHN_ OMe AcHN_ OMe AcHN OMe
CF3 CF3 CF AcHN_ OMe
x 3
NC F
97% 99% 96% 96%
Scheme 5.23 Trifluoromethyloxygenation of enamides.
At the same time, Buchwald and coworker reported a mild copper-catalyzed triflu-

oromethyloxygenation of unactivated alkenes (Scheme 5.24) [30]. Carboxylic acids,
alcohols, and phenols could serve as suitable nucleophiles to give cyclic products

¢
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ranging from 3- to 6-membered rings. In their study, they found that bidentate nitro-
gen ligands could assist the C—O bond formation, which paved the way for further
testing of the asymmetric version of this reaction with chiral Box ligands.

FSC\
I—0 Cu(MeCN),PF¢ (10 mol%)
( <£n,—\: . o _22-Biquinoline (20 mol%) ‘in
—OH MeCN, 55 °C, 16 h —O0  CFy

Togni-1l (1.1 equiv)

O e e

76% 94% (dr=22:1)  64% 71%
o= @E)J /<'/\ n- Heptﬂ/\
42% 35% 50% dr-10 1) 70% (dr=4:1)

Scheme 5.24 Intermolecular trifluoromethyloxygenation of alkenes.

Yu and coworkers reported the copper-catalyzed trifluoromethyloxygenation of
allylamines, which employed CO, in the construction of important heterocycles,
thus leading to important CF,-containing 2-oxazolidones (Scheme 5.25) [31]. Both
primary and secondary alkyl groups were feasible substituents on nitrogen, while
aryl, strongly electron-withdrawing substituents were not favored. CO, plays a vital
role in tuning the reaction from amino- to oxy-trifluoromethylation with excellent
chemoselectivity, regioselectivity, and diastereoselectivity.

5.3.3 Copper-Catalyzed Trifluoromethylcarbonation of Alkenes

Compared to the oxygen and nitrogen nucleophiles, carbon nucleophiles have
much weaker nucleophilicity. Therefore, it is more difficult to form a C—C bond
in the introduction of a second functional group. On the basis of their trifluo-
romethylazidation reaction of alkenes [27], Liu and coworkers further achieved the
trifluoromethylcyanation of alkenes by using trimethylsilyl cyanide (TMSCN) as a
nucleophilic reagent (Scheme 5.26) [32]. This reaction afforded a series of triflu-
oromethylated alkyl nitriles in excellent yields. Meanwhile, Liang and coworkers
reported the same reaction with copper triflate as the catalyst [33]. Furthermore,
this catalytic system could also be used for the trifluoromethylation of alkynes,
allenes, and enynes [34].

Later, Liu and coworkers developed the first intermolecular trifluoromethylaryla-
tion of alkenes with arylboronic acids as the aryl sources (Scheme 5.27) [35]. Diverse
alkenes were compatible with these conditions, including aryl- and alkyl-substituted
alkenes, as well as multisubstituted alkenes. Moreover, reactions of cyclic alkenes
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0
R! R2 Cu(MeCN)4PFg (10 mol%) O//<
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Scheme 5.25 Trifluoromethyloxygenation of allylamines.

F
I'C 8 (L10)CuBr (10 mol%) N R!
sz + 0 TMSCN (2 equiv) Rz\e\/c,:3
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47-98% yield
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Scheme 5.26 Trifluoromethylcyanation of alkenes.

Cu(MeCN)4PFg (5 mol%)
Togni-1 (1.5 equiv) @
MeOH (2 equiv)

B(OH), DMA, 40 °C R CFy
..................... (2 8aUIV)
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IIICF /g
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/
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Scheme 5.27 Trifluoromethylarylation of alkenes with aryl boronic acid.
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gave the desired products with excellent diastereoselectivities (>20 : 1). The reaction
featured a broad substrate scope of arylboronic acids.

Notably, only boronic acid was suitable for this reaction, while other arylboron
reagents (e.g. ArBpin and ArBF; salts) and arylmetallic reagents (e.g. ArSnBu, and
ArSiMe,) failed to afford the desired products. Moreover, Togni-I was the only feasi-
ble CF; reagent. A mutual activation between arylboronic acids and the Togni-I was
proposed in the reaction, which was further indicated by '°F NMR analysis of the
mixture of Togni-I and boronic acids (Scheme 5.28). Finally, the mechanism was pro-
posed as follows: with the treatment of activated CF,* species int. II, a CF, radical
was released and quickly added to the alkene, giving an alkyl radical intermediate
(int. IIT); meanwhile, the alkoxy anion generated from the reduced Togni-I reagent
acted as a strong base to activate ArB(OH),, promoting transmetalation to deliver the
ArCu(II) species. These two species were then combined to provide Cu(III) species
int. IV, and reductive elimination from this species led to the final products. This
catalytic cycle was supported by kinetic studies, Hammett plot, and competitive
reactions.

i Mutual activation

+ I OH
R _Ki @gf B-OH

"

ArB(OH), _

I+ Cu(ll)
Cu(l) CFs @O'B'Ar
HO O
R Fast Int. Il
Ar ks \step
R)\/CFs Path aks
5~ CFs
CullAr Int. 11l
R)\/CFs ArCu(ll)
Int. IV

Scheme 5.28 Proposed mechanism of trifluoromethylarylation of alkenes.

Recently, Li and coworkers disclosed a copper-catalyzed oxidative trifluoromethy-
larylation of styrenes with indoles as the nucleophilic aryl sources (Scheme 5.29)
[36]. Cheap NaSO,CF, was used as the CF, source with the oxidation of tert-butyl
peroxybenzoate (TBPB), K,S,0; and copper catalyst. A wide range of styrenes
including 1,1-diarylethylene were compatible with the reaction conditions to afford
the 1,2-trifluoromethylarylation products, while the reaction of electron-deficient
styrenes resulted in low yields. In the plausible reaction mechanism, a carbocation
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intermediate was formed with the aid of Cu(II) species, and the electrophilic
alkylation of indole C—H bonds afforded the final products.

CuCl (10 mol%)

X NaSO,CF3 (2 equiv)
DMA, 40 °C

N NH NH NH
Y ON ¥
CF; MeO CFs
O g O
MeO MeO MeO

86% 65% 86% 72%

Scheme 5.29 Trifluoromethylarylation of styrenes with indoles.

5.3.4 Enantioselective Copper-Catalyzed Trifluoromethylation
of Alkenes

Although great endeavors have been devoted to various racemic versions of
copper-catalyzed radical trifluoromethylation of alkenes, the development of
catalytic asymmetric methods remains a formidable challenge. Recently, mainly
two catalytic chiral systems proved to be efficient for copper-catalyzed radical
trifluoromethylation of alkenes [37]. One is Cu/chiral bidentate system, typically
using chiral bisoxazoline (Box) ligand, and the other is Cu/chiral phosphoric acid
(CPA) [38].

In 2013, Buchwald and coworker developed a pioneering method for the efficient
enantioselective trifluoromethyloxygenation of alkenes using a copper-chiral Box
catalyst system (Scheme 5.30) [39]. This method delivered a set of enantioenriched
5- and 6-member lactones with good functional group compatibility. Mechanistic
studies evidenced a redox radical addition mechanism, in which a C—O bond is
enantioselectively formed via a carbon radical intermediate in the presence of Cu(II)
species.

Further studies suggested that bisligated complex L,Cu is an off-cycle species,
while monoligated complex LCu is the reactive species and is somewhat unstable
(Scheme 5.31). Thus a slight excess of ligand helps to keep the catalyst stable via
a balance between stability and reactivity [40]. More importantly, they proposed a
model for the transition state of the enantiodetermining step, involving a distorted
square planar alkyl-Cu(III) carboxylate intermediate formed via radical addition to
Cu(II). A subsequent reductive elimination affords the chiral products with reten-
tion of the configuration.

During the studies of the trifluoromethylarylation of alkenes, Liu and coworkers
speculated a Cu(I/II/III) catalytic cycle in which the carbon radical reacts with
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Scheme 5.30 Enantioselective trifluoromethyloxygenation of alkenes.
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Scheme 5.31 Proposed mechanism of enantioselective trifluoromethyloxygenation of
alkenes.

the Cu(Il) species to form a highly reactive Cu(Ill) intermediate and its reduc-
tive elimination contributes to the final bond formation [35]. Inspired by this,
they explored asymmetric radical transformations by introducing chiral ligands,
and first achieved the enantioselective trifluoromethylcyanation of styrenes in
the presence of chiral Cu(I)/Box catalysts [41]. This protocol exhibited a broad
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substrate scope and functional group compatibility, and provided efficient access
to enantioenriched benzylic nitriles (Scheme 5.32). Internal alkenes could also
be employed as substrates, and the reactions provided the desired products with
excellent enantioselectivities. Notably, the configuration of the internal alkene (E
or Z) did not affect the stereochemistry of products, which suggested a CF; radical
addition pathway to form the benzylic radical non-selectively.

Cu(CH4CN),PF4(1 mol%)

L12 (1.5 mol%) CN W,X\(O
Togni-I (1.5 equiv) CF4 N N\?
TMSCN (2.0 equiv) @ N

CH4CN, =20 °C—r.t. L12
CN CN Cl CN CN
©/k/CF3 L@/K/CFQ, @\/‘\/CFa ©\/k/CF3
HO Cl OAc
96% (98% ee) 83% (97% ee) 64% (99% ee) 88% (98% ee)
79% (99% ee) 79% (97% ee) 84% (88% ee) 78% (97% ee)

Scheme 5.32 Enantioselective trifluoromethylcyanation of styrenes.

Mechanistic studies revealed that a low concentration of cyanide in the reaction
system was vital for excellent enantioselective control and the mutual activation
between Togni-I and TMSCN was a good mode to release cyanide slowly. However,
a slight amount of cyanide could shorten the induction period, so (L12)Cu!(CN)
was proposed to be the active catalytic species. A possible reaction mechanism
was described in Scheme 5.33: the mutual activation promoted the single-electron
oxidation of (L12)Cu'CN by the activated Togni-I reagent. The released CF,
radical then added to styrene, generating the benzylic radical int. IT that was
trapped by the chiral (1.12)Cu'’(CN), species to form chiral Cu(III) species int. III.
Eventually, reductive elimination from the Cu(IIl) center afforded optically pure
benzylic nitriles, which was the enantiodetermining step [42]. Notably, a ligand
acceleration effect was observed, and excellent enantioselectivity was still obtained
when the concentration of the ligand was less than that of the copper catalyst. This
enantioselective cyanation of benzylic radicals was further applied to a series of
asymmetric cyanofunctionalizations of styrenes [43]. A similar reaction was also
reported by Wang, Xu, and coworkers using fluoroalkyl iodides under photoredox
conditions [44].

Liu and coworkers further explored the enantioselective trifluoromethylary-
lation of styrenes [45]. The best ligand in the cyanation reaction only provided
moderate enantiomeric excess. Interestingly, a clear correlation between the
enantiomeric excess of the arylated product and the bite angle of the Box ligand



5.3 Copper-Catalyzed Trifluoromethylative Functionalization of Alkenes | 193

| Mutual activation

OTMS ;' l,CFs/ 5
| o : oS!
[CFs*—CN]  /#~ ~ N Tt
[CF3*—CN]
Extraneous
cyanide
(L12)Cu(l) (L12)Cu'CN r/Q/CFs
Int. Il
L12)Cu(CN
L
N _cr A :
Ar Int. Il

Scheme 5.33 Proposed mechanism of enantioselective trifluoromethylcyanation.

was observed. Ligand L13 with a small bite angle gave the best enantiomeric
excess (Scheme 5.34). And further increasing the steric hindrance of Box ligand
dramatically decreased the enantioselectivity, which indicated that proper steric
effect was vital for the bulky chiral (L13)Cu'Ar species to trap benzylic radicals.
The enantioselectivity was further improved by lowering the reaction temperature
and adding ethanol as an additive. This reaction had a broad substrate scope for
both styrenes and ArB(OH),, yielding various 1,1-diaryl-3-trifluoropropanes with

X
Cu(MeCN),4PFg (10 mol%) O O,
. L13 (12 mol%) < weld ] T e
Togni-I, EtOH R N N—/
gnt CF3 S %
CH,CI,/DMA (4 : 1), r.t. L1

77% (90% ee) 65% (88% ee) 53% (90% ee)

MeO™ N
66% (94% ee) 62% (92% ee) 59% (91% ee) 78% (78% ee)

Scheme 5.34 Enantioselective trifluoromethylarylation of styrenes.
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good to excellent enantioselectivities. Furthermore, heteroaryl frameworks in both
the vinyl arene and ArB(OH), substrates were well tolerated. Based on this work,
they further developed an aminoarylation of alkenes and arylation of benzylic
C—H bonds [46].

This trifluoromethylation reaction could be extended from styrenes to
a-substituted acrylamides, providing a straightforward and efficient access to
chiral quaternary all-carbon centers [47]. Initial trials on a-methylstyrene failed to
give the arylation product, probably due to the increased steric hindrance or weaker
oxidative ability of tertiary benzylic radical, which impedes the interaction of
benzylic radical with L*Cu(II)Ar species. After screening various carbonyl groups,
an acrylamidyl (CONHAr) group adjacent to the tertiary carbon radical was the
best choice. They also identified that the gem-dibenzyl group in the Box ligand had
a significant effect on the reactivity and enantioselectivity. The reaction exhibited
broad substrate scope, and excellent functional group compatibility, and both aryl
and alkyl substitutions on a-position were feasible. However, f-substituted internal
alkenes, and alkenes without substituent or bearing a steric bulky alkyl group
exhibited low efficiency (Scheme 5.35).

Ry
/j\[r N Cu(OTf), (10 mol%)
o) L14 (12 mol%)
.

Togni-l (1.5 equiv)

B(OH), MeOH, 0 °C

o]
93% (90% ee) 59% (92% ee) 54% (94% ee) 80% (98% ee)
87% (94% ee) 69% (93% ee (ent-L14)  35% (90% ee) 44% (93% ee)

Scheme 5.35 Enantioselective arylation of tertiary carbon radical.

Liu and coworkers further explored the enantioselective trifluoromethy-
lalkynylation of styrenes via a similar strategy [48]. Suitable alkynylating
reagents were important for the success of this reaction. Only the reaction with
alkynyl-Si(OMe), afforded the desired products, while other alkynylating reagents
such as alkynyl-trimethylsilyl (TMS), alkynyl boron, and terminal alkyne were
inert to this reaction. This reaction had wide substrate scope and high functional
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group compatibilities, which provided an easy access to the structurally diverse and
enantiomerically enriched CF;-containing propargylic products (Scheme 5.36).

Bn Bn
A Cu(MeCN),PFg (10 mol%) CF3
L15 (12 mol%)
. Togni-1 (1.5 equiv) \\
Re— DCE/DMA, rt. R
— Si(OMe);

CF4 CF, CF3 CFs
4 X A
/Q/K T™S Q/K T™S N S T™S | pZ % T™MS
MeO,C Bod MeO™ N
80% (92% ee) 66% (97% ee) 66% (89% ee) 81% 92% ee)
78% (86% ee) 65% (92% ee) 65% (91% ee) 70% (91% ee)

Scheme 5.36 Enantioselective trifluoromethylalkynylation of styrenes.

Since 2014, Liu and coworkers have been dedicated to designing a Cu/CPA
catalytic system for asymmetric radical involved alkene difunctionalizations [49].
In 2016, they disclosed a novel copper-catalyzed trifluoromethylamination of
alkenes with CPA (Scheme 5.37) [50]. The reaction of alkenyl amines with Togni I
under Cu/CPA dual-catalytic system afforded an efficient access to CF;-containing
chiral pyrrolidines bearing a tertiary stereocenter with excellent enantioselectivity.
Notably, two acidic N—H bonds in the urea group were vital for the success of this
reaction, because urea acted as both the nucleophile and the directing group. Indeed,
the reaction of N-methylated substrate did not take place. Similar reactions were
further extended to other perfluoroalkyl groups, such as p-perfluorobutyl, trifluo-
romethyl, and so on, with fluoroalkylsulfonyl chlorides as the radical source [51].

Based on the mechanistic studies, a plausible mechanism was proposed as listed in
Scheme 5.38. A CF, radical was first generated via a single-electron transfer between
Cul and the CPA-activated Togni’s reagent, accompanied by a chiral copper(II) phos-
phate. The CF; radical selectively added to the terminal alkene to afford a tertiary
benzylic radical intermediate int. I, which would be trapped by Cu''/CPA to gener-
ate a Cu' complex int. II. The subsequent C—N bond formation delivered the final
products while releasing Cu' and CPA. The chiral phosphate could control the selec-
tivity via both hydrogen-bonding interactions with the N—H bond adjacent to the
aryl group. However, a carbocation intermediate int. ITII through ion pairing cannot
be ruled out.

Liu and coworkers tried to extend this Cu'/CPA dual-catalyst system to triflu-
oromethyloxygenation reaction by changing urea to alcohol; unfortunately, poor
enantioselectivity was observed (<21% ee). The reason might be the poor hydrogen
bonding property of the hydroxyl group, which was inefficient for anchoring a
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OH
g
N\
0~ ‘ocu'cl
,?‘r2
Togni-| -CF3 O NH
+Sub
FSC
CuCl Int.1  Ar Ar?
(SyAT o N 0N
Y HO YOUHO
P\ * N PO
oo’ “cu—0’
R! o Ar1 or| R? f—Ar!
R’ R!
F,c~ Int.ll F,C~ Int. il

Scheme 5.38 Proposed mechanism of enantioselective trifluoromethylamination of
alkenes.

CPA-ligated copper catalyst. They introduced an achiral Lewis base to realize this
asymmetric trifluoromethyloxygenation of alkenes (Scheme 5.39) [52]. This reaction
provided a direct approach to CF;-containing chiral tetrahydrofurans with excellent
enantioselectivity. However, Thorpe-Ingold effect was observed in this reaction,
and the reaction of substrate without gem-disubstituents only gave moderate
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enantioselectivity. Mechanistic studies indicated that N,N-diethylnicotinamide
might act as a good coordinative ligand to stabilize the loosely alcohol-bounded
Cu/CPA complex.

OH CUBH,(PPhs), (10 mol%)

R (R)-A2 (16 mol%)
R N,N-Diethylnicotinamide ( 13 mol%) R
@ Togni-Il (1.5 equiv)
AcO'Pr/c-hexane, 25 °C

F3C Me
68% (93% ee) 88% (97% ee) 66% (95% ee) 66% (86% ee)
CO,Et .
72% (97% ee) 67% (95% ee) 83% (95% ee) 31% (60% ee)

Scheme 5.39 Enantioselective trifluoromethyloxygenation of alkenes.

5.4 Summary and Conclusions

During the past decade, great progress has been made in the transition
metal-catalyzed bifunctionalization-based fluorination and trifluoromethyla-
tion reactions. Notably, the addition of chiral ligands enables the synthesis of chiral
fluorine-containing organic compounds, which are much more valuable for medic-
inal chemistry and drug discovery. However, due to the limitation of fluorinating
reagents, the catalytic reaction for installing fluorine-containing groups, such as
OCF;, is still underdeveloped. More stable and easily available fluorinating reagents
are highly in demand. Furthermore, the combination of radical reactions with
copper catalysis exhibited an efficient way for the synthesis of trifluoromethylated
alkanes, which has robust reactivity, outstanding chemoselectivity, and high
functional group compatibility. Recently, the related enantioselective reactions have
attracted extensive attention. However, most reactions were only suitable for the
enantioselective control of benzylic carbon radicals; the enantioselective control of
other carbon radicals is still highly challenging, especially carbon radicals generated
from radical addition of unactivated alkenes. Thus, new catalytic systems need to be
designed for the reaction of unactivated alkenes, and alkenes in complex molecular.
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Fluorination, Trifluoromethylation, and
Trifluoromethylthiolation of Alkenes, Cyclopropanes,
and Diazo Compounds

Kdlmdn J. Szabo

Stockholm University, Department of Organic Chemistry, Arrhenius Laboratory, Stockholm SE-10691, Sweden

6.1 Introduction

Although, fluorine is the 13th most abundant element in the earth crust, very few
natural products contain carbon-fluorine (C—F) bond [1]. The low abundance of
organofluorines in natural products is a consequence of the physical properties of
the naturally occurring fluorine sources, which makes the biosynthetic pathways
cumbersome. Such properties involve the relatively low solubility of the naturally
occurring fluorine salts, the low reactivity of fluoride ion in water solution, and
the difficulties to oxidize fluorine in biological systems [1]. The low abundance of
C—F bonds in natural products is in very sharp contrast to the broad application
of organofluorines in life sciences. For example, 20% of all marketed drugs and
over 50% of the recently registered innovative medicines contain at least one C—F
bond [2-5]. Agrochemical products are another important area of application of
organofluorines [6, 7]. Except for the natural isotope, even the unnatural fluorine-18
is applied in medical diagnostics [8, 9]. Fluorine-18 is a positron emitting nucleus,
and therefore it can be used as a tracer in bioactive organic molecules in positron
emission tomography (PET) (see Section 6.2.3).

As mentioned above, very few fluorine-containing natural products are identified,
and therefore all practically useful organofluorines are obtained by organic synthe-
sis. Selective synthesis of organic compounds is still a challenging task for organic
chemists. The nucleophilic fluorine sources have usually low reactivity because of
the high solvation energy of the fluoride ion, while electrophilic fluorination suffers
from the high reactivity and low selectivity of the electron-deficient fluorine atoms.
However, in the past decade a number of new reagents and catalytic procedures have
appeared to control the reactivity and selectivity issues in the synthesis of the organic
fluorine compounds [3, 10-16].

This chapter is mainly focused on application of electrophilic reagents for trans-
fer of fluorine, trifluoromethyl, and trifluoromethylation functionalities. The tar-
geted substrates in these processes include alkenes, alkynes, and diazocarbonyl com-
pounds. The most important reagents considered in this chapter are hypervalent

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
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Figure 6.1 Main fluorine (1), trifluoromethyl (2), and trifluoromethylthiol (3) transfer
reagents discussed in this chapter.

iodines 1 and 2 for fluorination and trifluoromethylation and dibenzenesulfonimide
reagents 3a,b for introduction of the F and SCF, groups (Figure 6.1). The selection
of the reagents is mainly based on structural reasons. Reagents 1, 2 are based on
hypervalent iodines, while reagent 3 is based on polarized N—X bonds. The primary
interest was to compare and assess the hypervalent iodine reagents for synthesis
of organofluorines. However, the hypervalent iodine-based SCF, transfer reagent
cannot be isolated (probably because of stability issues) [17]. Therefore a potent
dibenzenesulfonimide reagent 3b was used in the studies. In addition, the reactivity
of 3b was compared to the popular fluorinating reagent NFSI, 3a.

6.2 Fluorination of Alkenes, Cyclopropanes,
and Diazocarbonyl Compounds

Fluorination of alkenes is one of the simplest and widely employed methods for cre-
ation of carbon-fluorine bonds. In principle, all widely used electrophilic fluorine
transfer reagents, such as Selectfluor, NFSI (3a), and various hypervalent iodines
(such as 1) can be used for selective C—F bond formation using alkene substrates |3,
10, 12, 14, 18]. Although there are excellent studies on application of various hyper-
valent iodines for the formation of C—F bonds [19-21], our interest was focused
on application of fluoro-benziodoxole 1 [15, 16, 22, 23]. The two main reasons for
the choice of this reagent are based on its structural similarity (Section 6.4) to the
CF;-transfer reagents 2a,b (Togni reagents [11]) and the promising application area
of the fluorine-18 analog of 1 for labeling of PET tracers (Section 6.2.3).

An overview of the fluorination reactions carried out with fluoro-benziodoxole
(1) discussed in this chapter is shown in Figure 6.2. These reactions involve various
fluorination-based difunctionalization reactions involving alkene (Section 6.2.1),
cyclopropane (Section 6.2.2), and diazocarbonyl (Section 6.2.3) compounds.

6.2.1 Application of Fluoro-Benziodoxole for Fluorination of Alkenes

Fluoro-benziodoxole 1 is particularly useful for fluorination of alkenes
(Figure 6.2a-c) [15, 24, 25, 30-33]. Reagent 1 was reported first in 2012 by
Legault and Prévost [34]. Subsequently, a modified procedure for the synthesis and
purification of 1 was reported by the groups of Togni [22] and Stuart [23]. This
reagent is an air-stable, odorless crystalline substance, which is easy to handle. In
most fluorination reactions 1 has to be activated by metal, or Lewis or Bronsted acid
catalysts.
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Figure 6.2 Reactions with fluoro-benziodoxole reviewed in this chapter. (a) Difluorination
of styrene derivatives (Section 6.2.1.1) [24, 25]. (b) Palladium-catalyzed iodofluorination of
alkenes (Section 6.2.1.2) [26]. (c) Fluorocyclization (Section 6.2.1.3) [27].

(d) 1,3-Difluorination (Section 6.2.2) [28]. (e) Rhodium-catalyzed difunctionalization of
diazocarbonyl compounds [29].

6.2.1.1 Geminal Difluorination of Styrene Derivatives

The first fluorination reaction of alkenes by fluoro-benziodoxole 1 was reported by
the Szabo group (Figure 6.2a) [24]. In these reactions styrenes (such as 4d,e) were
used as substrates with reagent 1 and AgBF, (Figure 6.3). The reaction proceeded
with difluorination of the terminal position of styrenes affording difluoromethyl
derivatives, such as 5c,d. Interestingly, one of the fluorine atoms arose from
fluoro-benziodoxole 1 and the other one from the BF, counterion of AgBF,. Thus,
formally an F, molecule was introduced to styrene under mild neutral reaction
conditions.

When methyl-styrenes (such as 4e) were used as substrates, the methyl group
underwent 1,2-migration from the benzylic to the terminal position of the sub-
strate (Figure 6.3b). Further interesting mechanistic features were revealed using
di-deuterated styrene derivative 4f-d, (Figure 6.4). It was found that both deuterium
atoms are dislocated from the terminal (4f-d,) to the benzylic position (5e-d,) under
the difluorination process. However, despite a formal migration of two deuterium
atoms, the deuterium isotope effect in the reaction was insignificantly small.

The above interesting rearrangement processes in the fluorination reaction
are rationalized by the intermediacy of a phenonium intermediate in the reac-
tion (Figure 6.5). Accordingly, AgBF, activated 1 by breaking of the I—O bond
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Figure 6.3 Examples for geminal difluorination of styrene (a) and methyl styrene (b) with
1 and AgBF,. Source: Based on llchenko et al. [24].
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Figure 6.4 Mechanistic study with di-deuterated styrene derivative.
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Figure 6.5 Proposed mechanism of the geminal difluorination of styrene derivatives.

to generate a strongly electrophilic I-F reagent 11a. This reagent undergoes
electrophilic addition to the double bond of 4f-d, affording 11c via hypervalent
iodine 11b. Donation of a n-electron pair from the aromatic ring leads to the
formation of phenonium ion 11d, which is allowed by the superb leaving group
ability of the iodo-arene moiety in 11c. Phenonium ion 11d can be opened by
attack in two different positions by nucleophiles. In the fluorination by BF, the
fluorinated carbon is attacked with high site selectivity, probably since it is more
electron deficient than the other one, the deuterated/protonated carbon atom. This
type of opening of the cyclopropane ring leads to formation of 5e-d, product. Thus,
the dislocation of the two deuterium atoms of 4f-d, takes place without C—D
bond cleavage. Instead, the Ca and Cf carbon atoms of 4f-d, change place via
phenonium ion intermediate 11d affording 5e-d, product. DFT modeling studies of
this reaction reported by Xia-Song Xue and coworkers [35] verified a phenonium
ion mechanism.



6.2 Fluorination of Alkenes, Cyclopropanes, and Diazocarbonyl Compounds | 205

[PdCIg(MeCN)Z]cat (F-15—0 [Pd(BF,)s(MeCN) 4](,m
59 71% 40-Crign 40 °C/18h 5f 76%
“)‘\ (F5 [PA(BF )2 (MeCN)ql
CDCly
50 °C/18h 5h 549%

Figure 6.6 Palladium-catalyzed iodofluorination of alkenes with fluoro-benziodoxole 1.

6.2.1.2 lodofluorination of Alkenes

As mentioned above, styrenes and 1 undergo a geminal difluorination reaction in
the presence of AgBF,. Several other metal tetrafluoroborates can be applied to per-
form a similar process [24]. However, when the reaction is performed by catalytic
amounts of Pd(BF,),(MeCN),, formation of geminal difluorinated products (such
as 5a-c) was not observed [26]. Instead of difluorination, selective iodofluorination
of the alkene substrate occurred (Figure 6.6). The site selectivity of the reaction was
dependent on the applied palladium catalyst (Figure 6.6a). In the case of catalytic
amounts of Pd(BF,),(MeCN),, the fluoroiodination occurred at the original position
of the carbon-carbon double bond. Both the fluorine and iodine atoms arose from
fluoro-benziodoxole 1. When PdCl,(MeCN), was used as catalyst different carbon
atoms were iodofluorinated (Figure 6.6a). A possible explanation is a double bond
migration prior to the iodofluorination using PdCl,(MeCN), as catalyst.

When methyl-styrene derivative 4f was used as substrate the reaction proceeded
without rearrangement of the methyl group (c.f. Figures 6.3b and 6.6b), indicating
that the reaction of the alkenes with 1 occurs by different mechanisms by using
AgBF, or Pd(BF,),(MeCN), catalysts. The exact mechanism of this interesting reac-
tion is not known. However, a fluoro-iodoalkene intermediate, such as 11¢, is prob-
ably involved in this reaction. In the case of palladium catalysis, a cleavage of the
aromatic carbon-iodine bond of 11c occurs, leading to the formation of an iodoflu-
orinated product.

6.2.1.3 Fluorocyclization with C—N, C—0, and C—C Bond Formation

Another class of reactions of alkenes with fluoro-benziodoxole 1 involves fluorocy-
clization processes. In these bifunctionalization reactions 1 is the source of an elec-
trophilic fluorine substituent followed by an internal attack by a nitrogen, oxygen, or
carbon nucleophile (Figure 6.7) [27]. In most of the studies, a-disubstituted alkenes
were used as substrates, which gave cyclic quaternary fluorides [3] under mild con-
ditions in the presence of zinc or copper catalysts. The aminocyclization reactions
took place with high stereoselectivity (Figure 6.7a,b) affording fluoro-piperidines,
such as 6b,c in good yield. The related oxyfluorination reactions also proceeded
efficiently, leading to fluoro-tetrahydropyrans and oxepanes (such as 12). Interest-
ingly, even carbocyclization could be carried out using 1 as fluorine source. In these
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Figure 6.7 Examples for fluorocyclization of alkenes using fluoro-benziodoxole 1.
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Figure 6.8 Mechanism of the aminofluorination reaction based on DFT modeling studies.

reactions, copper catalysis was used with slightly elevated temperature to furnish
fluoro-cyclopentane derivatives, such as 13.

The reaction mechanism of the aminofluorination reaction was studied by DFT
modeling (Figure 6.8) [36]. These studies indicated that the zinc catalyst coordinated
more preferentially to the fluorine than to the oxygen atom of 1. The electrophilic
reactivity of 1 could be increased by isomerization of the zinc coordinated complex
14 to 15. Activation is also possible without the assistance of zinc but the activation
energy is much higher. The activated reagent 15 undergoes electrophilic addition
with disubstituted alkene 4k affording 17 with a quaternary C-F center. The reaction
proceeds via a four-membered ring TS 16 with surprisingly low activation barrier. In
intermediate 17 the carbon-hypervalent iodine bond is very weak; thus aryl iodine
is a very good leaving group. The internal attack by nitrogen gives 18, which after
deprotonation provides the fluoro piperidine product 6d (Figure 6.8).

¢
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Figure 6.9 Opening of cyclopropane for 1,3-difluorination (a, b) and 1,3-oxyfluorination (c).

Other fluorocyclization reactions using 1 were also reported by the groups of Stu-
art [37], Gulder [30], and Lu [38].

6.2.2 Fluorinative Cyclopropane Opening

The above reactions based on electrophilic additions of fluoro-benziodoxole
(1) to alkenes gave the idea to attempt a selective electrophilic ring opening of
cyclopropane derivatives (Figure 6.9). This reaction could be used for extension
of the fluorination-based geminal (Section 6.2.1.1) and vicinal difunctionalization
reactions (Sections 6.2.1.2 and 6.2.1.3) to 1,3-difunctionalization [28]. Similarly
to styrene derivatives (Section 6.2.1.1), disubstituted cyclopropane derivatives,
such as 7a,b, underwent 1,3-difluorination reactions using stoichiometric amounts
of AgBF, (Figure 6.9a,b). Using excess of benzyl alcohol, the reaction led to the
formation of 1,3-oxyfluorinated product 8c.

According to the plausible mechanism, the reaction starts with activation of 1
(see also Figure 6.5) to give 11a (Figure 6.10) [28]. Species 11a breaks one of the
carbon-carbon bonds of cyclopropane (such as 7a,b) to give fluorinated carbocation
20, which subsequently undergoes nucleophilic fluorination by the fluoride from
the BF, counterion of silver.

6.2.3 Fluorine-18 Labeling with Fluorobenziodoxole

As mentioned above, fluorine-18-labeled organic substances are employed as
tracers in PET [8, 39, 40]. PET is a noninvasive, very efficient medical diagnostic
method for in vivo imaging of biochemical processes. As fluorine-18 is a positron
emitting nucleus, labeled organo-fluorine-18 substances are suitable tracers for this
diagnostic method. In principle, all different types of PET imaging studies require
a specific fluorine-18-labeled tracer. Accordingly, there is a large demand for adap-
tation of the modern methodology in organofluorine chemistry to produce a very
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Figure 6.10 Plausible mechanism for ring opening of cyclopropanes with
fluoro-benziodoxole (1).

broad variety of fluorine-18-labeled compounds. Selective fluorine-18 labeling is
very challenging synthetically due to the relatively short half-life of the fluorine-18
(109.8 minutes) isotope and the extremely small amounts of fluorine-18 precursors
generated by on-site hospital cyclotrons. These cyclotrons can relatively easily gen-
erate fluorine-18-labeled HF, which can be converted to nucleophilic fluorinating
reagents. However, the synthesis of electrophilic fluorinating reagents, which are
often more reactive than the nucleophilic ones, is complicated by changing the
reactivity of the nucleophilic fluoride ion by the so called “umpolung” process
[41-43]. As mentioned above electrophilic fluorinating reagent fluoro-benziodoxole
1 can be easily generated from fluoride ion sources, while other reagents, such as
NFSI (3a) or Selectfluor, are synthetized from fluorine gas. Accordingly, [**F]1 has
been considered as a promising reagent for electrophilic fluorine-18 labeling of PET
tracers.

It was shown [44] that synthesis of [¥F]1 can be accomplished from
tosyl-benziodoxole 22 using fluorine-18-labeled TBAF, which is easily obtained
from cyclotron-generated ["®F]HF (Figure 6.11). Fluoro-benziodoxole 1 has a very
low polarity and therefore it is sparingly soluble in hexane. This fortuitous property
could be exploited for the purification of [®F]1, as the other components of the
reaction (Figure 6.11), such as 22 and the rest of the products of TBAF, are insoluble
in hexane. Thus, extraction of the reaction mixture with warm hexane led to
purified [*¥F]1, which could be used for fluorine-18 labeling studies [44, 45] (see
also Section 6.3.2).

The reaction was employed for fluorocyclization of o-styrylamides [30] (such as
23a,b) to obtain fluorine-18-labeled fluoro-benzoxazepines bearing a quaternary flu-
oride [44] (Figure 6.12). The reaction temperatures and times were optimized to give
high radiochemical yields (RCYs) up to 74%. The RCY [46] is the amount of activity
in the product expressed as a percentage of the activity used in a process (previ-
ously this parameter was often referred to as radiochemical conversion, RCC). In a
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Figure 6.12 Examples for fluorocyclization with fluorine-18-labeled 1.

separate, fairly large-scale experiment fluoro-benzoxazepine product [*¥F]24a was
isolated with an activity yield (AY) of 14% (Figure 6.12). The obtained sample showed
an excellent level of molar activity (4,,) of 396 GBq/umol. Molar activity (A,,) refers
to the measured amount of activity per mole of a compound [46]. A high fluorine-18
molar activity indicates that the contamination of a labeled product with the natu-
ral isotope is relatively low. A high molar activity value is very important for PET
saturation studies, in which the in vivo uptake of fluorinated drug or other bioactive
substances can be measured.

6.3 Fluorination-Based Bifunctionalization
of Diazocarbonyl Compounds

Diazo compounds are excellent reagents for the introduction of new func-
tionalities [47-54] to organic molecules. An interesting approach for geminal
difunctionalization-based fluorination [19, 55-59] involves the use of diazocarbonyl
compounds.

6.3.1 Rhodium-Catalyzed Geminal Oxyfluorination Reactions

In difunctionalization reactions often a nucleophile and electrophile are used to
introduce two functional groups at the same carbon by replacing the diazo group
of diazo carbonyl compounds, which are regarded as safe, stabilized diazo reagents.
We devised a rhodium (25a)-catalyzed process for geminal oxyfluorination of dia-
zoketones (such as 9a-c) using alcohols, such as 26a (Figure 6.13a), phenols, such
as 26b (Figure 6.13b), and carboxylic acids, such as 27 (Figure 6.13c), as nucleophiles
in combination with fluoro-benziodoxole (1) as electrophilic fluorine source [29].
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Figure 6.13 Examples for rhodium-catalyzed geminal oxyfluorination of diazoketones.

These multicomponent bifunctionalization reactions can be carried out rapidly at
room temperature. The reaction has a very broad synthetic scope and it is suitable
for one-step synthesis of a-fluorinated ethers (such as 10a-c), which is an impor-
tant class of bioactive motives [7]. The mechanism of the reaction was studied [60]
by DFT modeling (Figure 6.14). The active catalyst (28) is formed from Rh,(OAc),
(25a) by coordination of two fluoro-benziodoxole (1) molecule. The first step is the
formation of rhodium-carbene 30 from intermediate 29 via an activation barrier of
22.6 kcal/mol. Rhodium carbene 30 undergoes a fast reaction (8.1 kcal/mol) with
nucleophiles such as benzyl alcohol 26a to give oxonium ylide 31. Proton transfer
leads to formation of a rhodium-stabilized enolate 32. This enolate intermediate (32)
is the key intermediate of the reaction. Previous mechanistic studies indicated (see
Figure 6.8) that 1 smoothly undergoes electrophilic addition to carbon-carbon dou-
ble bonds. The TS of the electrophilic addition (33) occurs with an activation energy
of 20.3 kcal/mol to give intermediate 34. After a couple of low-energy isomerization
reactions via intermediates 35 and 36, the fluorine is transferred from the hyperva-
lent iodine to the carbon affording intermediate 37 via a low barrier of 9.8 kcal/mol.
Dissociation of the rhodium complex leads to formation of the a-fluorinated ether
product 10a and regeneration of the catalyst. In the reaction, the rhodium catalyst
has a dual role, carbene (30) formation and stabilization of the enolate intermediate
32. Interestingly, rhodium does not undergo redox reactions, and thus the catalytic
process is redox neutral.

6.3.2 ['®F]Fluorobenziodoxole for Synthesis of a-Fluoro Ethers

As mentioned in Section 6.2.3 one of the most important challenges in synthetic
organofluorine chemistry is adaptation [61], the so-called translation, of modern
synthetic methodology to fluorine-18 labeling to develop new routes to PET imag-
ing ligands. Considering this, we developed a new fluorine-18 labeling method by
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Figure 6.14 Mechanism of the rhodium-catalyzed oxyfluorination of diazocarbonyl
compounds. The catalytic cycle is exemplified with the reaction of 9a, 26a, and 1 (see
Figure 6.13a).

adapting the above (Section 6.3.1) rhodium-catalyzed oxyfluorination of diazocar-
bonyl compounds [45].

When the multicomponent oxyfluorination reaction was attempted (Figure 6.15)
using fluorine-18-labeled fluoro-benziodoxole [*F]1 (Figure 6.11) and benzyl
alcohol (26a) as nucleophile, the outcome of the reaction was different from the
process with the natural fluorine isotope (Figure 6.13a). Using minute amounts
of [®F]1, formation of the oxyfluorinated product [®F]10a was not observed.
As mentioned above, the hospital cyclotrons produce very limited amounts of
fluorine-18 isotopes; therefore only very small amounts of fluorine-18 reagents such

¢
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Figure 6.15 Attempted multicomponent fluorine-18 labeling of diazoketone 25a with
benzyl alcohol (c.f. Figure 6.13a).

as [18F]1 can be applied, which leads to challenging downscaling problems. In the
above reaction an important downscaling problem is that stoichiometric amounts
of benzylic alcohol 26a solvolyze minute amounts of [*¥F]1 before the fluorine
transfer to 9a occurs. Such a solvolysis reaction is not significantly important,
when stoichiometric amounts of 1, 9a, and benzylic alcohol 26a are employed
(Figure 6.13a) but prevent the formation of [*¥F]10a under the reaction conditions
of fluorine-18 labeling.

A possible solution for the above downsizing issue is application of trimethyl
orthoformate 37 as oxygen nucleophile instead of alcohols (Figure 6.16a—c).
Trimethyl orthoformate 37 is a much weaker nucleophile than alcohols, such
as benzylic alcohol 26a or MeOH, and therefore it does not solvolyze the small
amounts of [F]1 before the electrophilic fluorine-18 transfer happens [45]. The
weak nucleophilicity of 37 may lead to very slow reaction with rhodium carbenes
(such as 30); therefore, 37 was employed as solvent in the oxyfluorination reaction.
As Rh,(0OAc), 25a has a limited solubility in neat 37, we replaced it with Rh,(OPiv),
25b. Using these conditions, aromatic diazoketones such as 9a,d could be converted
to the corresponding fluorine-18 a-fluoro ethers, such as [1¥F]10d,e, with a high
RCY (Figure 6.16a,b). Even diazo amide 9e could be used as substrate albeit the
oxyfluorinated product [*®F]10f formed with poor RCY (Figure 6.16¢). Product
['8F]10e is a particularly interesting synthon, as the aromatic bromide functionality
can be used in subsequent Suzuki-Miyaura coupling as prosthetic group [9, 39].
After isolation by semi-preparative HPLC we obtained a pure sample of [1¥F]10e
with 9% AY, which showed a molar activity (4,,) of 216 GBq/umol, determined
110 minutes after the end of the bombardment. This high A, value confirmed our
previous observation (Figure 6.12) [44] that application of [F]1 leads to high
fluorine-18 isotope purity (expressed by A, ), which is a very useful property of
fluorine-18-labeled PET tracers.

6.4 Trifluoromethylation of Alkenes, Alkynes,
and Diazocarbonyl Compounds with the Togni Reagent

As mentioned in the introduction we were interested in comparing the synthetic fea-
tures of the benziodoxole based fluorine (1) and trifluoromethyl (2) transfer reagents.
There are two different types of hypervalent iodide reagents, which are widely used
in organic synthesis, benziodoxolone-based reagent 2a and the benziodoxole-based
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Figure 6.16 Fluorine-18 oxyfluorination of diazocarbonyl compounds.

reagent 2b. These reagents are also referred to as the Togni I and II reagents [11].
Our studies indicated a higher reactivity for 2a, and therefore most of the trifluo-
romethylation reactions were performed with this reagent (Figure 6.17).

6.4.1 Bifunctionalization of C—C Multiple Bonds

Bifunctionalization-based methods are very efficient for obtaining trifluoromethyl
group functionalized products. The CF; group is one of the chemically most inert
functional groups. The high oxidation stability makes the CF, group very stable in
metabolic processes, which is one of the most important reasons for application
of trifluoromethylated compounds in drugs and agrochemical products. In a
trifluoromethylation-based bifunctionalization the introduction of the inert CF,
group is usually accompanied by introduction of another reactive functional group
(handle), most frequently with a new C—O or C—N bond formation.

6.4.1.1 Oxytrifluoromethylation of Alkenes and Alkynes

Oxytrifluoromethylation of alkenes is one of the most widely applied methods for
formation of a C—CF; bond by reagent 2a (e.g. Figure 6.17) and other CF; transfer
reagents [11, 65]. The Sodeoka group [66] and our group [62] published the first
studies on oxytrifluoromethylation of alkenes and alkynes.

We have found [62] that both styrene derivatives (such as 4k) and non-aromatic
alkenes (such as 4j) underwent oxytrifluoromethylation with 2a to give bifunction-
alized products, such as 38a,b (Figure 6.18a,b). The trifluoromethyl group was intro-
duced at the terminal position of the double bond, while the iodobenzoyl group
(arising from reagent 2a) was introduced at the vicinal position. The iodobenzoyl
group of 38a could be easily hydrolyzed by K,CO; in MeOH to obtain the alcohol
derivative. It is important to point out that the outcome of this reaction is sharply
different from the analogous fluorination process (see Figure 6.3 in Section 6.2.1.1).
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Figure 6.17 Trifluoromethylation with 2a. (a, b) Oxytrifluoromethylation of alkenes and
alkynes (Section 6.4.1.1). (c) Cyanotrifluoromethylation of alkenes (Section 6.4.1.2). (d)
Direct trifluoromethylation of quinones (Section 6.4.1.3). (e) Oxytrifluoromethylation of
diazocarbonyl compounds (Section 6.4.2). Source: (a, b) Janson et al. [62]; (c) Ilchenko et al.
[63]; (d) llchenko et al. [64]; (e) Yuan et al. [29].

In case of using fluoro benziodoxole (1) with a styrene substrate in the presence
of AgBF,, a geminal difluorination process occurs. Apparently, hypervalent iodines
1 and 2a react with styrenes by substantially different reaction mechanisms. Mono-
substituted alkynes react also with 2a in the presence of Cul as catalyst (Figure 6.18c)
to give trifluoromethylated alkenes, such as 40a. In the products the CF; and the
iodo-benzoyl groups are in trans geometry, indicating that the insertion reaction did
not take place by a concerted (cis) mechanism. The exact mechanism of this reaction
isstill unclear [67]. However, transfer of a radical CF, group is a possible mechanistic
option [67].

6.4.1.2 Cyanotrifluoromethylation of Styrenes

The above example for oxy-trifluoromethylation of styrenes with 2a resulted in
iodo-benzoyl substituted products. In these reactions the iodo-benzoyl group
arose from 2a. We wished to develop a bifunctionalization reaction, in which
another type of functionality can be introduced together with the CF, group.
It was found [63] that application of stoichiometric amounts of CuCN leads
to cyano-trifluoromethylation of styrenes (such as 4k-m) using benziodoxolon
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Figure 6.18 Examples for copper-catalyzed oxy-trifluoromethylation of alkenes and
alkynes.

reagent 2a (Figure 6.19). In order to get acceptable yields PCy, had to be added
in catalytic amounts. Interestingly, application of bis(pinacolato)diboron (B,Pin,),
which is a widely used borylation reagent, also showed a significant activating
effect in the reaction. The activating effect of PCy, and B,Pin, indicates that
electron donating ligands (i.e. PCy; or Bpin) on copper may favorably influence
the bifunctionalization reaction [67]. An important synthetic feature of the
cyano-trifluoromethylation reaction is the introduction of two carbon-carbon
bonds in a single reaction step. The reaction gave acceptable results for styrenes
with both electron-donating (4k,1) and electron-withdrawing (4m) substituents
to give the corresponding cyano-trifluoromethylated products, such as 4la-c.
Subsequently, excellent studies were published for cyano-trifluoromethylation of
alkenes, in which the copper-catalyzed reactions were combined using TMSCN as
a source of the cyano group [68].

6.4.1.3 C-H Trifluoromethylation of Benzoquinone Derivatives

As mentioned above, the oxy-trifluoromethylation and the analogous cyano-tri-
fluoromethylation reactions probably involve a radical mechanism for the transfer
of the CF; group. We hypothesized that formation of a stabilized radical inter-
mediate can be the driving force of the copper-catalyzed trifluoromethylation
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Figure 6.19 Examples for cyano-trifluoromethylation of styrenes.

reactions using 2a. A possible proof of this concept could be trifluoromethylation
of benzoquinone derivatives, which proceeds via radical quinoid intermediates.
Indeed, trifluoromethylation of benzoquinone and its derivatives (42a-c) could be
carried out [64] with 2a in the presence of CuCN and catalytic amounts of B,Pin,
(Figure 6.20). The benzophenone derivatives are important bioactive compounds
occurring in ubiquinone and in vitamin K. The CF; group may lend high metabolic
stability for the corresponding drug substances. For example, trifluoro-menadione
(43b) is a core motif in malaria drugs [69]. Davioud-Charvet and coworkers [69]
described a four-step procedure for synthesis of 43b from naphthoquinone 42b. As
shown in Figure 6.20b, this reaction can be performed in a single step using 2a as a
trifluoromethyl source. Compound 43c is the trifluoromethyl analog of an apoptosis
(programmed cell death) initiator, which could also be prepared in a single step

from quinone 42c (Figure 6.20c).

A plausible mechanism for the trifluoromethylation of benzoquinone is
presented in Figure 6.21. Accordingly, the first step is supposed to be coordi-
nation of a Bpin ligand to the copper catalyst [70]. Bpin is one of the strongest
o-donor ligands [71], and therefore it can activate oxidative addition of 2a with
Cu(I) to give 44. The Cu—CF; bond of 44 may undergo homolytic cleavage
by transferring the CF; radical to 42a to give semiquinone derivative 45. A
possible driving force of this homolytic cleavage is the formation of a Cu(II)
intermediate and 45, in which the unpaired electron can be delocalized on
the quinoid system. Recombination of 45 and the (open-shell) Cu(Il) interme-
diate leads to 46, which after deprotonation provides the final product 43a.
The key step and a possible driving force of the reaction is the formation
of a stabilized trifluoromethylated radical 45. Studies on trifluoromethyla-
tion of benzoquinones were published by the groups of Wang [72] and Bi

[73].
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Figure 6.20 Examples for direct trifluoromethylation of benzoquinone derivatives.

Figure 6.21 Plausible o) Cu(l)X
mechanism for the Bopiny, L
trifluoromethylation of + Ar-COOH
benzoquinone with 2a. CF, CF3—I—O
XBpin
/—Cu —Bpin
Bpin \\
Sl A CFs
oG ArCOO-Cu(lll)Bpin
(0] \(\) (Fu( ) p|

ArCOO—- Cu(II)Bpm

CF3
o}
45

6.4.2 Geminal Oxytrifluoromethylation of Diazocarbonyl Compounds

Oxytrifluoromethylation of diazoketones (such as 9a,b,d) can be performed using
2a and various alcohols (Figure 6.22), such as benzylic alcohol 26a [29]. The
reaction proceeds under the same reaction conditions as the analogous fluorination
of diazoketones (Section 6.3.1, Figure 6.13). Mechanistic studies indicate that the
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Figure 6.22 Examples for oxy-trifluoromethylation of diazoketones with 2a.

oxyfluorination reaction with 1 is about twice as fast as the oxytrifluoromethy-
lation with 2a. DFT modeling studies show that the reaction mechanism of the
rhodium-catalyzed oxy-trifluoromethylation (with 2a) and oxyfluorination (with 1)
reactions proceeds with very similar mechanisms [60].

6.5 Bifunctionalization-Based Trifluoromethylthiolation
of Diazocarbonyl Compounds

The above successful reactions for oxyfluorination and oxy-trifluoromethylation
reactions encouraged us to develop analogous bifunctionalization reactions based
on introduction of the SCF, group. The SCF, analog of hypervalent iodine reagents
1, 2 proved to be unstable, and thus it is not useful as a reagent for trifluoromethylth-
iolation reactions [17]. Therefore, we selected dibenzenesulfonimide reagent 3b as
the SCF, source, which is also an analog of the popular fluorinating reagent NFSI
(3a). In fact, NFSI can also be used for oxy-fluorination reactions similarly to 1
[29, 74].

6.5.1 Multicomponent Approach for Geminal
Oxy-Trifluormethylthiolation

Oxy-trifluoromethylthiolation of various diazocarbonyl compounds (such as 9h)
could be performed with 3e and alcohols, such as 26a (Figure 6.23a) [75]. The reac-
tion was catalyzed by rhodium complex 25a, and a NaOAc additive suppressed the
competing protonation (instead of trifluoromethylthiolation) process. When cyclic
ethers such as THF (47) were applied instead of alcohols, a trifunctionalization
reaction occurred involving opening of the THF ring (Figure 6.23b). This interesting
trifunctionalization reaction was also observed when the fluoro analog of 3b, i.e.
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Figure 6.23 Trifunctionalization reactions with 3b and its analog NFSI (3a).

NFSI 3a, was used under similar conditions (Figure 6.23c) [74]. DFT modeling
studies indicated a close analogy between the above (Figure 6.14) multicomponent
fluorination and trifluoromethylthiolation reactions (such as Figure 6.23a,b) [76].

6.5.2 Simultaneous Formation of C—C and C—SCF; Bonds via
Hooz-Type Reaction

In the above reactions (Figure 6.23a) an SCF; and new ether functionality are
introduced in the diazo carbon of the substrates. We wished to find a new reaction
in which the introduction of the SCF, functionality is coupled with carbon-carbon
(instead of carbon-oxygen) bond formation. After several attempts, it was realized
that several components of the oxy-trifluoromethylation reaction (Figure 6.23a)
have to be replaced to get a bifunctionalization process based on C—SCF; and
C—C bond formation. A particular problem in this type of multicomponent
reactions is the undesired interaction between the nucleophilic (carbon source)
and electrophilic (SCF; source) reagents. We have found that the so-called Hooz
reaction (Figure 6.24) [77, 78] offers an attractive platform to use 3b together with
carbon nucleophiles to develop a new bifunctionalization process. This reaction is
based on application of triaryl boranes, which are reacted with diazo compounds
in the presence of an electrophile. The mechanism is based on the formation
of a hypervalent boron intermediate with the diazocarbonyl compounds. These
intermediates are known to undergo 1,2-migration by breaking of one of the
carbon-boron bonds. The intermediate formed in this process rapidly undergoes a
1,3-borotropic rearrangement producing a boron enolate. Our mechanistic studies
have shown that these types of enolate intermediates readily react with fluorinated
electrophiles (c.f. Figure 6.14). This hints that the boron enolate intermediate
(Figure 6.24) would react with SCF; transfer reagent 3b as well.

Indeed, we have found that diazoketones such as 9a and 9i reacted with 48a
and 3b affording trifluoromethylthiolation-phenylation products, such as 49a,b
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Figure 6.24 The Hooz reaction and its mechanism.
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Figure 6.25 Examples for trifluoromethylthiolation-phenylation with 3b.

(Figure 6.25a,b) [79]. The reactions proceeded with acceptable yields when
Zn(NTf,), was used as additive in substoichiometric amounts. Even diazoesters,
such as 9j, or amides could be used in the reactions. Except tetraphenyl borate
(48a) some other tetra aryl borates (48b) could also serve as aryl component
for the carbon-carbon bond formation process (Figure 6.25c). The mecha-
nistic studies verified that a Hooz-type reaction takes place in the geminal
trifluoromethylthiolation-phenylation reactions.

6.6 Summary

This chapter demonstrates that hypervalent iodine-based fluoro and trifluoromethyl
benziodoxole(on) reagents 1, 2 can be used for efficient bifunctionalization of alkene
and diazocarbonyl substrates. The corresponding SCF, reagent is not stable but
dibenzenesulfonimide reagent 3a can be used for similar type of reactions as the
fluoro- (1) and trifluoromethyl- (2) benziodoxole(on). The modeling studies pointed
out the principal similarities between the fluorination (and trifluoromethylation) of
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alkenes and diazocarbonyl compounds (c.f. Figures 6.8 and 6.14). In both reaction
types the key step is the addition of an electrophilic hypervalent iodine reagent to
the n-bond of an alkene. In case of the diazocarbonyl substrates the n-system is
the Rh-stabilized enolate formed from the Rh-carbene intermediate of the process.
The rhodium-catalyzed F-, CF;- and SCF;-based bifunctionalization reactions can
be performed under similar conditions and the reactions afford similar type of
a-ether products. An important application of the above chemistry involves efficient
electrophilic fluorine-18 labeling of alkenes and diazocarbonyl compounds. This
reaction could be realized by the very efficient radiosynthesis of fluorine-18-labeled
benziodoxole [*¥F]1.

Probably the most important challenge in future is extension of the above reac-
tions to asymmetric fluorination, trifluoromethylation, and trifluoromethylthiola-
tion methods. Another interesting area is the development of new type of bifunction-
alization reactions involving C-F/C-CF,/C-SCF, forming reactions with simulta-
neous formation of new carbon-carbon bonds. A further challenging area with very
high impact on PET imaging-based diagnostics is the development of new efficient
labeling reactions based on [*¥F]1 and its corresponding analogs for fluorine-18 CF,
and SCF; labeling.
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Photoredox Catalysis in Fluorination and
Trifluoromethylation Reactions
Takashi Koike and Munetaka Akita

Tokyo Institute of Technology, Institute of Innovative Research, Laboratory for Chemistry and Life Science,
R1-27, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503, Japan

7.1 Introduction

For the past decade, photoredox catalysis with metal complexes such as [Ru(bpy);]**
(bpy: 2,2’-bipyridine) and organic dyes has emerged as a reliable strategy for radical
reactions because visible light irradiation induces le-redox reactions below room
temperature [1].

Light irradiation causes excitation of the photocatalyst (PC) in the ground state.
The excited photocatalyst (*PC) may induce le-oxidation of electron-rich reagents
(eD) to lead to the generation of radical species (eD'") via a single electron transfer
(SET) process and subsequent reduction of electron-deficient reagents (eA), with the
resultant reduced catalyst (PC~) generating another radical species (eA' ) accompa-
nying regeneration of the photocatalyst (PC) (Scheme 7.1a). This reaction sequence
is called “reductive quenching cycle,” and the sequence following the initial reduc-
tion of eA by *PC giving eA'~ and PC*, namely “oxidative quenching cycle,” is also
feasible. Thus, a pair of radical species, eD'* and eA'~, can be generated by the
action of photoredox catalysis. In principle, by taking redox potentials of photocat-
alysts and redox agents into account, design of organic radical reactions is attain-
able. On the other hand, when photocatalysts (PC) are carbonyl compounds, espe-
cially aromatic ketones, or some metal oxo species (M=O0 species), the excited pho-
tocatalyst (*PC) serves as a hydrogen abstractor ("A) due to its highly electrophilic
O-centered radical character and is amenable to homolytic cleavage of a C(sp*)—H
bond (R—H) via hydrogen atom transfer (HAT), leading to generation of alkyl rad-
ical (R) (Scheme 7.1b) [2]. PC is regenerated by a back-HAT step of the reduced
H-PC species to one of the intermediates (X) formed in the reaction. This is not the
genuine photoredox catalysis, but several seminal works on fluorination are also
described in Section 7.2.1.

Radical species frequently play important roles in the construction of C—F and
C—CF, bonds. In general, radical fluorination results from the reaction of organyl
radicals with SOMOphilic fluorine sources. By contrast, radical trifluoromethyla-
tion can result either from (i) the reaction involving the trifluoromethyl radical or

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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Scheme 7.1 (a) Photoredox catalysis and (b) photocatalytic HAT.

(ii) the reaction of organyl radicals with SOMOphilic CF; sources. Modern proto-
cols are expected to exhibit site selectivity and high functional group compatibility.
Thus, herein we highlight strategies for site-selective radical fluorination and triflu-
oromethylation by photocatalysis.

7.2 Fluorination

Late-stage functionalization, which requires high compatibility with various func-
tional groups, is regarded as an ideal technology in the field of medicinal chemistry.
In particular, development of late-stage fluorination can be connected to synthesis
of 8F-labeled drugs for PET (positron emission tomography) imaging [3]. In this
section, photocatalytic strategies for site-selective introduction of fluorine atom(s)
into organic skeletons are discussed. Functionalization of unactivated C—H bonds
through HAT processes induced by the excited species of aryl ketones ("A) has been
studied more extensively compared to photoredox catalysis and thus will be dis-
cussed first.

7.2.1 Fluorination Through Direct HAT Process by Excited
Photocatalyst

Fluorination of inert C(sp3)—H bonds is highly attractive because alkyl C—H bonds
are ubiquitous and prefunctionalization of substrates can be avoided. In 2013, the
group of Chen reported on the mono- and difluorination of benzylic C—H bonds
[4]. Monofluorinated products 2 were obtained by the photocatalytic reaction of
alkylbenzenes 1 using 9-fluorenone and Selectfluor, as a catalyst and a SOMOphile,
respectively. In contrast, the combination of xanthone as a catalyst and Selectfluor
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II gave the difluorinated products 4 (Scheme 7.2). The monofluorination protocols
could be applied to a gram-scale synthesis. The proposed mechanism is depicted
in Scheme 7.2. The benzyl radical generated through photoinduced HAT with the
triplet photoexcited catalyst ('A) reacts with Selectfluor or Selectfluor II to afford
the fluorinated product 2 or 4. The Frutos and Kappe group succeeded in significant
shortening of the reaction time by application of a continuous flow system (residence
time < 30 minutes) [5].

H cl 5 mol%
N HR + 4\]6 9 FlurS?enone H/R'
S e - 'O
Z 1 F® oBf CFL

4

Selectfluor 35-96% ynelds I 9-Fluorenone
H H Me 5 mol% : o
N . N® _ Xanthone :
X1 R INT  “weon E O O
2 Fo® ZBF? 16096h o 4 ' o
Selectfluor Il 33% to >95% ylelds Xanthone
Ar” O H A A" F
1or3 20r4
OH -+ _R
s
Ar” - Ar R
o) Photocatalytic F\;(\?’R
HAT & R

Ar ;\ Ar  processes

Ar R

Scheme 7.2  Aryl ketone-catalyzed benzylic C-H fluorination (CFL: compact fluorescent
lamp).

In 2014, the group of Chen extended the reaction system to fluorination of
aliphatic compounds 5 [6]. In this system, acetophenone, an aryl alkyl ketone,
served as an efficient photocatalyst (Scheme 7.3). While site selectivity of the
acetophenone-catalyzed C-H fluorination was low, the reaction was operationally
simple and utilized a cheap, readily available photocatalyst and light source,
household CFL (compact fluorescence lamp). Almost at the same time, the group
of Tan reported on anthraquinone (AQN)-catalyzed fluorination of aliphatic
C—H bonds (Scheme 7.4) [7]. They proposed that the photoexcited AQN does not
serve as a hydrogen abstractor ('A) of 5 but as an energy donor for Selectfluor,
resulting in the formation of a cationic N-centered radical, which induced the HAT
process.
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Scheme 7.3 Acetophenone-catalyzed aliphatic C-H fluorination.
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Scheme 7.4 AQN-catalyzed aliphatic C-H fluorination.

In 2014, the group of Britton developed fluorination of unactivated C—H bonds
with NFSI (N-fluorobenzenesulfonimide), an electrophilic fluorinating reagent,
using the tetrabutylammonium salt of decatungstate (TBADT) as the photocatalyst
(Scheme 7.5) [8]. The proposed catalytic cycle is depicted in Scheme 7.5. The excited
tungstate (*[W,,03,]%7) serves as a hydrogen abstractor (‘A) to give the organyl
radicals ('R) from alkanes 5 through HAT processes.

While there is room for improvement in the site selectivity, the present method
could be extended to introduction of a ®F atom because ['®F]-NFSI can be readily
prepared [9].

The abovementioned catalysts, i.e. acetophenone and decatungstate, usually need
near-UV-region energy to excite the photocatalyst. In 2016, the group of Sorensen
reported on visible light fluorination of C—H bonds using the nitrate salt of uranyl
cation photocatalyst, [UO,](NO,),, although the scope of the reaction is narrow
compared to the abovementioned systems (Scheme 7.6) [10].

7.2.2 Fluorination Through Photoredox Processes

As described in Section 7.2.1, fluorination of unactivated C—H bonds is attractive
as a modern synthetic technology. But high site selectivity of alkyl C(sp*)—H bond
activation still remains a challenging topic. In this section, several seminal works on
selective fluorination by photoredox catalysis will be presented. The reactions are
featured by the ingenious design of substrates in order that an appropriate functional
group is utilized as a scaffold directing to the desired reaction site.
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Scheme 7.5 Decatungstate salt-catalyzed aliphatic C-H fluorination.
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Scheme 7.6 Uranyl salt-catalyzed aliphatic C-H fluorination.

The groups of Sammis, Paquin, Ye, and MacMillan paid attention to a carboxylic
acid group [11], which is well known to be oxidized by highly oxidizing photocata-
lysts [12]. As an example, the work reported by the group of MacMillan is introduced
below (Scheme 7.7) [11b]. They used the Ir complex, [Ir{dF(CF;)ppy},(dtbbpy)]PF,
(dF(CF;)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine, dtbbpy = 4,4’-di-
tert-butyl-2,2'-bipyridine), as the highly oxidizing photocatalyst. At the initial stage,
the excited Ir photocatalyst (*Ir) undergoes SET to a sacrificial quantity of Select-
fluor. Then, the generated strongly oxidizing Ir species (Ir*) undergoes SET from
aliphatic carboxylic acid 7 to yield the ground state catalyst (Ir) and the carboxyl
radical, which undergoes spontaneous extrusion of CO, to provide the alkyl radical
(‘R). The formed radical ‘R reacts with Selectfluor to forge the C—F bond with con-
comitant formation of the corresponding N-centered radical cation, which serves
as an electron acceptor instead of Selectfluor in the subsequent photoredox cycles.
The present method can be applied to selective production of fluoroalkanes 6 from
various aliphatic carboxylic acids 7.
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Scheme 7.7 Decarboxylative fluorination of aliphatic carboxylic acids.

In 2014, the group of Lectka disclosed a photocatalytic strategy for alkane fluori-
nation employing UV light (hv = 302 nm) and 1,2,4,5-tetracyanobenzene (TCB) as a
photocatalyst, which overcame the problem of the high oxidation potential of alka-
nes through the photoredox process, i.e. the reductive quenching cycle (Scheme 7.8)
[13]. TCB excited by UV irradiation (*[ TCB]) induces 1e-oxidation of alkane 5. The
resultant radical cation ([R-H]'*) transfers the highly acidic proton to the solvent
to form alkyl radical ('R). The generated radical species ‘R reacts with SOMOphile,
Selectfluor, to produce fluoroalkane 6 and N-centered cationic radical species, which
oxidizes the reduced TCB ([TCB] ~). The reactions of alkanes proceed in a fairly
selective manner.

Well-designed heteroatom-centered radicals induce selective fragmentation
or intramolecular HAT to result in the generation of carbon-centered rad-
icals at the desired positions [14]. In 2018, the Leonori group developed a
site-selective remote fluorination via photocatalytically generated iminyl radicals
(Scheme 7.9) [14c]. Carboxylic acid-substituted oxime (8, 9) undergoes le-oxidation
by the excited highly oxidizing organic photocatalyst, Mes-Acrt-Me catalyst
(10-methyl-9-(2,4,6-trimethylphenyl)acridinium salt), to generate the iminyl radical
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Scheme 7.8 TCB-catalyzed direct aliphatic fluorination.

after CO, and acetone extrusion, which induces ring opening via p-scission to form
the carbon-centered radical or is translated to the nucleophilic y-carbon radical
through 1,5-HAT. A polarity-matched Sy2 reaction with Selectfluor produces
fluorinated nitrile 10 or y-fluorinated ketones 11 in a selective manner.
Fluorination of arenes is also an important transformation because aryl flu-
orides are frequently found in active pharmaceuticals and agrochemicals. In
addition, introduction of '3F atom is strongly associated with PET imaging as
mentioned above. In 2019, Nicewicz and coworkers developed a direct con-
version of an arene C—H bond into the C—'¥F bond by the highly oxidizing
organic photocatalyst, Mes-Acr*-Ph (Scheme 7.10) [15]. They previously reported
on selective functionalization of arenes through nucleophilic attack of amines
and cyanide on the cationic radical intermediate generated by photocatalytic
le-oxidation [16]. Thus, the concept was extended to F nucleophiles, i.e. when
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Scheme 7.9 Remote C-H fluorination via iminyl radical intermediates.
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Scheme 7.10 Direct conversion of arene C—H bond into C—8F bond via cationic aryl
radical.

an anionic F nucleophile composed of CsF and tetrabutylammonium bisulfate
(TBA-HSO,) was reacted with diphenyl ether 12a, 17% of fluorinated arenes 13a
were obtained as a mixture of p- and o-isomers (13 : 1). To improve the reaction
efficiency, 450 nm laser device was used as the light source, and radiofluorina-
tion was carried out with [3F]tetrabutylammonium fluoride (TBAF) prepared
from proton bombardment of H,'80 and subsequently the product was eluted with
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tetrabutylammonium bicarbonate. The system could be applied to radiofluorination
of various arenes.

In 2020, the group of Ritter reported on a two-step procedure forming arene C—F
bonds with excellent site selectivity (Scheme 7.11) [17]. They previously developed
site-selective and late-stage aromatic C-H thianthrenation [18], which is followed
by fluorination by metallaphotoredox catalysis. They merged Ir photocatalysis by
[Ir{dF(CF;)ppy},(dtbbpy)]PF, with copper catalysis by [Cu(MeCN),]BF,. Use of a
catalytic amount of copper salt (20 mol%) was viable, but to reduce the amounts of
side products, an excess amount of copper salt was used for preparative synthesis.
The excited Ir catalyst (*Ir) undergoes SET from thianthrene, which is formed from
le-reduction of 14 or 15 at the initial stage, to give the Ir~ species, which is suitable
for reduction of arylthianthrenium salt (14 or 15). Oxidative ligation of the resultant
aryl radical (' Ar) toward a Cu" species, which is formed from 1e-oxidation of the Cu!
salt by the radical cation of thianthrene, and subsequent addition of fluoride anion
affords the Ar-Cu'™-F species, which undergoes reductive elimination to produce
aryl fluoride 16. C—H bonds in complex drug-like small molecules were successfully
transformed into the C—F bonds at late stages.
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HESF4 OFEt, 1.2 equlv CsF
MeC Aceione
+ +
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Scheme 7.11 Site-selective late-stage fluorination of aromatic C—H bonds by dual
photo/copper catalysis.
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7.3 Trifluoromethylation

Photoredox catalysis becomes a useful strategy for the generation of trifluoromethyl
radical from various electron-rich or -deficient CF, sources. Thus, photocatalytic
radical trifluoromethylation of unsaturated C—C bonds such as alkenes, alkynes,
and allenes has been developed so far (Scheme 7.12). Highly stereocontrolled
reactions are realized by well-designed photocatalytic systems. Recently, several
fine reviews on photocatalytic trifluoromethylation of unsaturated bonds have
been already published [19]. Thus, in this section, we will focus on site-selective
trifluoromethylation of aromatic and aliphatic compounds.

Electron-accepting
CF3 reagents

SET
photoredox
catalysis

Electron-donating
CF3 reagents

Scheme 7.12 Photoredox-catalyzed trifluoromethylation of unsaturated C—C bonds.

7.3.1 Trifluoromethylation of Aromatic Compounds

The trifluoromethyl motif in aromatic systems is frequently found in phar-
macophores. Thus, development of simple and direct trifluoromethylation of
unactivated arenes and heteroarenes is an important topic in drug discovery. In
2011, the MacMillan group showed that photoredox catalysis by [Ru(phen),]Cl,
(phen = phenanthroline) and Ir(Fppy); (Fppy = 2-(2,4-difluorophenyl)pyridine)
is amenable to the direct trifluoromethylation of arenes under mild reaction
conditions using CF;SO,Cl 17 as a CF, radical source (Scheme 7.13) [20]. A
possible reaction mechanism is depicted in Scheme 7.13. The photoexcited metal
catalyst (*M) undergoes SET to 17 to give 'CF, and the strong oxidant (M*). The
resultant "CF; reacts with arenes 12 to afford the corresponding cyclohexadienyl
radical, which is oxidized by the oxidant M* to give the cyclohexadienyl cation
and regenerate M. Deprotonation of the cationic intermediate produces the triflu-
oromethylated arene 18. The scope with respect to the substrate with electron-rich
and -deficient heteroarenes and unactivated arenes is broad. MacMillan’s work
was followed by those with various combinations of trifluoromethylating reagents
and photocatalysts [21]. Their methods brought excellent outcome in terms of
direct conversion of unactivated C(sp*)—H bonds to C(sp*)—CF; bonds but some
substrates suffered from low site selectivity.

Incorporation of a CF; group to the specific position should be feasible by using
arenes bearing activating groups despite the requirements of prefunctionalization.
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Scheme 7.13 Photocatalytic direct trifluoromethylation of aryl C—H bonds.

The copper-catalyzed trifluoromethylation of boronic acids with nucleophilic and
electrophilic trifluoromethylating reagents has been well studied for the past few
years [22]. In most of the reactions, Cu-CF; species are considered to be key active
species generated via nucleophilic or electrophilic transfer of the CF; group to the Cu
center. The Sanford group showed that an alternative radical pathway by the action
of photoredox catalyst, [Ru(bpy),]Cl,, leads to trifluoromethylation of areneboronic
acids 19 via formation of the Cu-CF; species (Scheme 7.14) [23].

A plausible mechanism based on dual catalysis process starts with SET from a
Cu! species to *[Ru(bpy),;]**, accompanying the formation of a Cu'! species and the
strongly reducing [Ru(bpy),]*. The Ru reductant induces the second SET event to
CF,I 20 to provide "CF; and [Ru(bpy),;]** in the ground state. The resultant "CF,

¢
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Scheme 7.14 Trifluoromethylation of boronic acids based on dual catalysis.

reacts with the Cu! species to generate a Cu'-CF, active species via oxidative

ligation. Subsequent base-promoted transmetalation between the Cu'! species and
the areneboronic acid 19 affords a CF,-Cu-Ar intermediate, which undergoes
aryl—CF; bond-forming reductive elimination to produce trifluoromethylated
arene 18 and the Cu’ catalyst.

In 2018, the MacMillan group developed a dual copper/photoredox catalytic sys-
tem of a different type (Scheme 7.15) [24]. They focused on trifluoromethylation
of aryl bromides 21 with sulfonium-based electrophilic CF; reagent 22 through a
metallaphotoredox-catalyzed cross-electrophile coupling protocol [25].

Utilization of the highly oxidizing Ir photocatalysts, [Ir(dFFppy),(4,4’-dCF,;bpy)]
PF, or [Ir(dFMeppy),(4,4'-dCF,bpy)]|PF, (dFFppy = 2-(2,4-difluorophenyl)-5-fluo-
ropyridine, dFMeppy = 2-(2,4-difluorophenyl)-5-methylpyridine, 4,4’-dCF,bpy = 4,
4'-ditrifluoromethyl-2,2’-bipyridine), for le-oxidation of tris(trimethylsilyl)silanol



7.3 Trifluoromethylation

@ OH 0.125-0.25 mol% Ir cat.
Mes__.Mes T 20 mol% CuBr,-2LiBr
+ $ o MegSi-Si-SiMeg — ————
Br CFa oTf a,COj3, acetone FSC

SiMeg 35°C,8h
21 22 23 Blue LED 18
38-96% yields
Selected examples of the products

Ircat: fr ========-==-ro-=mmmmmmme oy
F Z ]
F3C O EOX", ||“
Me PFg F "| ~
Me N
CF3 z
O~ "OEt E « |
66% yield [Ir(dFMeppy),(4,4"-dCF gbpy)I*
QH
MeSSi—§i—SiMe3
SiMe3
= 2 Oxidative
ligation
L—Cu'-X C‘)F3
] L—Cu''-Ar
ur SET Ir CFs X
1e-Oxidant ’:;g::oer:::: 1e-Reductant Cu catalysis
©Fs o Reductive
hv Oxidative elimination
ligation
4 L—Cu-X
®
Mes.__.Mes
$ /@/O
CFs FaC
22 18

Scheme 7.15 Metallaphotoredox catalysis: trifluoromethylation of bromoarenes.

23 is a key to generation of aryl radical through atom transfer from 21 by silyl
radical ("Si). This species would make the formation of an Ar-Cu-CF; species
easy compared to the oxidative addition of 21 to a Cu! species. The photoexcited
*Ir, a strong oxidant, induces SET from tris(trimethylsilyl)silanol 23 accompanying
the formation of the reduced Ir~. Oxidation and deprotonation of supersilanol
cause rapid Brook rearrangement-type silyl migration to yield the silyl radical
(‘Si), which abstracts the bromine atom to form aryl radical ("Ar). The Ir~ species
concurrently reduces electrophilic CF; source 22 to generate the CF, radical ('CF;).
Then, the Cu! species, which is generated through reduction of the Cu™l catalyst
precursor by the photocatalyst, undergoes oxidative ligation of "CF; to afford a
Cu''-CF, active species. The aryl radical (" Ar) is quickly trapped by the Cu" species
to yield the key Aryl-Cu™-CF, adduct, reductive elimination from which provides
the trifluoromethylated arene product 18. A broad range of electronically diverse
bromoarenes including heteroaryl bromides were found to give good to excellent
yields. High compatibility with various functional groups was also observed.

In 2019, the Ritter group showed that the abovementioned two-step reaction
system (Scheme 7.11) could be applied to trifluoromethylation, i.e. selective C-H
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thianthrenation followed by Cu-mediated photocatalytic trifluoromethylation of
arenes (Scheme 7.16) [26]. The combination of [Ru(bpy),;](PF,), and the “Cu-CF,”
reagent prepared by mixing CuSCN, CsF, and TMSCF; turned out to be the best.
The protocol enables site-selective trifluoromethylation of various arenes with
broad functional group tolerance. In addition, gram-scale synthesis is viable.
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+ ¥ o
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Scheme 7.16 Site-selective late-stage trifluoromethylation of aromatic C—H bonds.

7.3.2 Trifluoromethylative Substitution of Alkyl Bromides

To forge C(sp*)—CF, bonds, reaction of the CF, radical with olefins is one of
the reliable methods as shown in Scheme 7.12. On the other hand, in 2019, the
MacMillan group applied the metallaphotoredox-catalyzed cross-electrophile
coupling protocol mentioned above to the reaction of alkyl bromides 24 with the
electrophilic trifluoromethylating reagent 22 (Scheme 7.17) [27]. The corresponding
trifluoromethylated alkanes 25 were obtained via site-specific substitution of the
bromine atom. In addition, in the present reaction system, the organic photoredox
catalyst, 4CZIPN (1,2,3,5-tetrakis(carbazole-9-yl)-4,6-dicyanobenzene), also serves
as an efficient photocatalyst instead of the Ir photocatalyst.

® OH 1 mol% Ir cat. or 5 mol% 4CZIPN
~ Mes.__.Mes T 20 mol% CuCl, A~
R Br + $ % * MegSi-Si-SiMes oo R™ “CF,4
A 2L Uz
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44% yield ! [I{dF(MeO)ppy},(5,5'-dCFgbpy)l* 4CZIPN :

Scheme 7.17 Metallaphotoredox catalysis: trifluoromethylation of bromoalkanes.
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7.4 Summary and Outlook

Photocatalytic strategies for selective generation of organic radical species are
connected to fluorination and trifluoromethylation. A fine design of the pho-
tocatalytic system achieves site-selective construction of C(sp?)/C(aryl)—F/CF,
bonds. Significant advances have been made by merger of photocatalysis and metal
catalysis, which would lead to asymmetric fluorination and trifluoromethylation
in the near future. In addition, extension to di- and mono-fluoromethylation still
remains underdeveloped. Elaborate design of photocatalytic systems should lead to
further successful stereoselective fluorination and various fluoroalkylations.
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Asymmetric Fluorination Reactions
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8.1 Introduction

Fluorinated organic molecules play an important role in pharmaceutical and
agrochemical applications, primarily due to the many desirable pharmacological
properties fluorine confers onto organic molecules. These effects include increased
lipophilicity, tuning of acidity and basicity of surrounding functional groups,
blocking oxidizable positions, as well as enhancing specific interactions with
proteins [1]. Although 35% of agrochemicals and 20% of pharmaceuticals contain
fluorine, fewer than 10 fluorinated natural products have been isolated to date
[2, 3]. As a result of the lack of chiral fluorinated building blocks in biology, as well
as the immense benefit that fluorination confers on the pharmacological properties
of drug molecules, there has been considerable demand to develop stereoselective
fluorination methods.

Asymmetric fluorination has historically been a challenging problem due to the
inherent difficulty associated with working with fluorine. Traditional electrophilic
fluorine sources, such as F,, CsSO;OF, and metal hypofluorites, are highly reactive,
rendering selective fluorination or catalyst-controlled reactions challenging. The use
of nucleophilic fluoride sources features its own set of challenges. Specifically, metal
fluorides exhibit poor solubility and high basicity in traditional nonpolar solvents,
and hydrogen fluoride is a gaseous and highly toxic acid. Despite these challenges,
many strategies for selective installation of fluorine have been developed following
the introduction of convenient fluorine sources.

In this chapter, we present an overview of the major developments in modern
asymmetric fluorination since 2000. To improve readability, the studies highlighted
here will be organized by electrophilic and nucleophilic fluorination reagents.
While this chapter is primarily focused on catalytic, enantioselective fluorination
reactions, select early stoichiometric electrophilic fluorination methodologies
will be briefly discussed, as these served as an inspiration for many methods
that followed. Emphasis will not be placed on enantioselective fluoroalkylation
reactions, or enantioselective functionalization of organofluorine compounds that

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
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R Figure 8.1 Electrophilic
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generate a C-F-containing stereocenter. Following the discussion of organocatalytic

electrophilic processes, metal-catalyzed reactions will be highlighted and finally, a
summary of nucleophilic fluorination protocols will be outlined.

8.2 Electrophilic Fluorination

In the late twentieth century, Selectfluor [4], N-fluorobenzenesulfonimide (NFSI)
[5], and N-fluoropyridinium salts (Figure 8.1) [6] became available as convenient
and bench-stable sources of electrophilic fluorine. The development of these
electrophilic reagents allowed for the selective functionalization of prochiral
nucleophiles under mild conditions. Initial attempts to utilize these reagents in
asymmetric reactions were realized using stoichiometric sources of chiral infor-
mation. While these studies represent some of the first examples of asymmetric
fluorination, the utility of these methods was limited by the inability to render the
chiral source catalytic. Nevertheless, these examples served as a foundation from
which many of the contemporary catalytic examples would draw inspiration.

8.2.1 Stoichiometric Asymmetric Fluorination

8.2.1.1 Chiral Auxiliary
Initial strategies for enantioselective fluorination chemistry involved the use of
chiral auxiliaries to control stereoselectivity. In 1993, Davis et al. demonstrated

O O O O
O)LN)J\/R?’ (1) LDA (1.1 equiv) O)LN)J\-/R:; LiBH, (1.2 equiv) HO/\:/RS
|:: =

THF, 1-5h

) < THF, -78 °C F
RO R, (2) NFOBS R,
XX XX S e A
nBu nBu B s/
o N)J\_E/ Ie) N)J\::/ 0 N)J\_E/t u : @E /N—F :
F — F F : S
Ph Me iPr Ph Me 0©
88%, 97% de 85%, 96% de 86%, 96% de 1 NFOBS :
! XX XX PP
tBu Bn Ph
0 N)J\/ Q NJ\/ Q NJ\/ Q NM
F )\ F J\ F )\ F
iPr Ph Me Ph Me Ph Me
80%, 97% de 84%, 89% de 86%, 86% de 85%, 90% de

Scheme 8.1 Utilization of oxazolidinones as chiral auxiliaries for asymmetric fluorination
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this concept with the use of oxazolidinones to synthesize a-fluoro carbonyl stereo-
centers (Scheme 8.1) [7]. The fluorination of oxazolidinones proceeded with high
diastereoselectivity (>86% de), where a simple stereochemical model rationalizes
that selectivity is controlled by the preferential approach of the fluorinating agent
from the less sterically hindered side of the oxazolidinone fragment. The chiral
auxiliary was removed with LiBH, to access a-fluorohydrins in high yields and
enantioselectivities. It was later demonstrated that the o-fluoro oxazolidinones
could directly be converted to Weinreb amides, which were used for synthesizing
a variety of fluorine-containing ketones with high enantiomeric excess [8]. A
number of subsequent studies generated similar products under milder and more
user-friendly conditions, either by using an enamide as the substrate [9] or by
employing TiCl, as a Lewis acid [10].

8.2.1.2 Chiral Reagents

An alternate stoichiometric approach, developed by Differding and Lang
(Scheme 8.2) [11], was achieved with camphor derived N-fluorosultams as
chiral fluorinating reagents. These reagents were found to fluorinate a handful of
sodium enolates in low to moderate yields and enantioselectivities. Subsequent
reports focused on designing chiral non-camphor-based fluorinating agents to tune
enantioselectivity [12-14]; however, many of these reagents featured laborious and
multistep syntheses that ultimately limited their synthetic utility.

0 T« B
1 R3 [N-F]* (1.5 equiv) ; =] :rMe Me
R Et,0, 0°C-rt. R '
R2 R2 '

0]

F Nr Ph_]_CO,Et £ Me /
S A s o N
Me Me 5

63%, 70% ee  31%, <10% ee 27%, 35% ee  <5%,35%ee T

Scheme 8.2 Asymmetric fluorination of B-keto ester with chiral fluorinating reagent.

In order to address the lengthy synthesis of N-fluorosultams, Cahard et al.
demonstrated that fluorinated cinchona alkaloids could be used as alternative
chiral reagents for the electrophilic fluorine (Scheme 8.3). In this work, the enan-
tioselective fluorination of the silyl enol ether of methyltetralone was achieved
in high yields and moderate enantioselectivities [15]. The fluorinating agent was
readily prepared in situ by reacting the parent alkaloid with either NFSI or Select-
fluor. The use of unmodified cinchona alkaloids has produced a variety of synthetic
methods [16], including the synthesis of both enantiomers of fluoro-thalidomide
from one enantiomer of DHQ [17].

Subsequent reports focused on leveraging known synthetic manipulations of
cinchona alkaloids to adjust the chiral information surrounding the electrophilic
fluorine, which can have a marked effect on enantioselectivity. In 2001, Cahard
and coworkers demonstrated that modification of the cinchona alkaloid scaffold
allowed for improvement of the yield and enantioselectivity of the fluorination of
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OTMS F-CD-BF, (1.4 equiv) O

6 N NaOH (2.7 equiv) F
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Scheme 8.3 N-Fluoro cinchonidinium-mediated asymmetric fluorination of a silyl enol
ether.

a-cyano phthalimide. A survey of 11 reagents produced the fluorination product in
yields spanning 48-91% and ees of 36-94% (Scheme 8.4) [18].

11 reagents examined
EWG = CO,Et: 60-87%, 8-76% ee
EWG = CN: 48-91%, 36-94% ee

R'=H, OMe; R2= Et, CH=CH,
R3=H, Ac, p-CIBz, p-OMeBz,

5 R

e z

) H I H N® :

(1) LHMDS (1.5 equiv) ' O k; '

THF, =78 °C, 15 min ' F BF,© !

07 N0 07\ 0 'R 4
(2) F-alkaloid-BF4 (1.1 equiv) E = | '

EWG -78°C,3h EWG 1 :
@ F | N |
F-alkaloid—BF,

Scheme 8.4 Reagent-controlled asymmetric fluorination of a-fluoro-a-phenylglycine
derivatives.

8.2.2 (Catalytic Electrophilic Fluorination

8.2.2.1 Organocatalytic Fluorination

Following the development of fluorination methods with stoichiometric
N-fluorocinchona alkaloid reagents, there was increased interest in the devel-
opment of catalytic variants of these reactions. As these reagents are formed in
situ by fluorination of the parent alkaloid, preliminary organocatalytic strategies
focused on utilizing the cinchona alkaloid as a fluorine shuttle between Selectfluor
and the substrate. Following the development of such methods that utilize tertiary
amine catalysis, other organocatalytic strategies were explored. While many of
these catalytic strategies initially relied on the cinchona alkaloid framework,
many novel, nonnatural product derived catalyst systems were subsequently
developed.

8.2.2.1.1 Tertiary Amine Catalysis

With the successful use of cinchona alkaloids as stoichiometric fluorinating
agents, the next challenge was rendering these reactions catalytic. Results from
stoichiometric variants revealed the modularity of the cinchona alkaloid framework
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for asymmetric fluorination, allowing for the potential of catalyst control over
selectivity. One key problem that led to low enantioselectivities under catalytic
conditions was the uncatalyzed background reaction between the electrophilic
fluorinating reagent and enolates, which led to racemic fluorination. In 2006,
Shibata and coworkers demonstrated that the uncatalyzed background reaction
could be mitigated by using a less reactive enol ester substrate and a solvent
(dichloromethane) in which Selectfluor has limited solubility (Scheme 8.5) [19]. In
this example, the tertiary amine catalyst is fluorinated in situ by Selectfluor or NFSI,
forming a soluble chiral fluorinating reagent. After enantioselective fluorination of
the substrate, the tertiary amine catalyst is regenerated, allowing for the transfer of
another electrophilic fluorine.

17-88%, 3-53% ee

"0
O}\@\
Cl

5 Et :
4-CIBz-DHQ (10 mol%) ' OMe
OCOEt  selectfluor (1.2 equiv) (0] ! :
NaOAc (2 equiv) ‘F 5 N '
O’ R DCM, r.t,, 2-4 d —R f
n n 5 1
8 examples:
: 4-CIBz-DHQ
Et
Cl OCOEt
er? 4
45 B Ol
’ 4 n
Ar”"OR
Et
ZJ (
& C F
N2 BFQ N Sl
e/ ’
F BFP Ar”OR

Scheme 8.5 Enantioselective fluorination of enol esters with cinchona alkaloid as tertiary
amine catalyst with proposed mechanism for catalytic cycle.

In 2008, Shibata et al. published a report that focused on improved catalytic reac-
tivity utilizing a bis-cinchona alkaloid catalyst. This catalyst affected the enantios-
elective fluorination of allyl silanes, silyl enol ethers, as well as oxindoles in high
yields and enantioselectivities (Scheme 8.6) [20]. A similar electrophilic fluorine
transfer mechanism was proposed where the quinuclidine core of the bis-cinchona
alkaloid acted as an electrophilic fluorine transfer agent. This strategy was further
applied to a variety of different substrate classes, such as isoxazolinones [21] and
pyrazolones [22].
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Scheme 8.6 Bis-cinchona alkaloid-catalyzed fluorination of (a) allyl silanes, (b) silyl enol
ethers, and (c) and oxindoles.

The tertiary amine catalyst manifold was also applied to the fluorination of
non-enolate-based substrates featuring less nucleophilic functional groups. Tu
and coworkers demonstrated that (DHQ),PYR-catalyzed an enantioselective
fluorinative semi-pinacol rearrangement to form p-fluoro carbonyls, which are
typically difficult to access by other fluorination methods (Scheme 8.7) [23]. Addi-
tionally, the Gouverneur group displayed that (DHQ),PYR effectively catalyzed
the enantioselective fluorocyclization of a number of tryptophol and tryptamine
derivatives in moderate to high yields, with similarly high enantioselectivities
(Scheme 8.8) [24].

OH (DHQ),PYR (20 mol%)
Ar NFSI (1.2 equiv)
O Ar K»COj3 (1.2 equiv)
s
| DCE, -10 °C

11 examples:
34-76%, 38-93% ee

Scheme 8.7 Bis-cinchona alkaloid-catalyzed enantioselective semi-pinacol fluorination.
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Scheme 8.8 Bis-cinchona alkaloid-catalyzed enantioselective fluorocyclization of
tryptophols and tryptamines.

8.2.2.1.2 Chiral Cation Phase Transfer

Phase transfer catalysis with chiral cations is an important strategy for the elec-
trophilic functionalization of anionic substrates. In 2002, the Kim group employed
this strategy for electrophilic fluorination, where benzylated cinchonine catalyzed
the enantioselective fluorination of p-keto esters (Scheme 8.9) [25]. It was identified
that the benzyl and propargyl fragments were crucial to the enantioselectivity
of the reaction, where other substitution patterns led to diminished yield and
enantioselectivity. A handful of p-keto esters were fluorinated in good yields and
moderate enantioselectivities. In this paradigm, the alkylated cinchona alkaloid
cation acts as a phase transfer catalyst, to solubilize the inorganic base into the
nonpolar organic solvent. After deprotonation of the substrate, the chiral cation
is now ion-paired with the anionic substrate, where fluorination occurs enan-
tioselectively due to the selective blocking of one face of the nucleophile by the
chiral cation. This strategy was also applied to asymmetric fluorination of a-cyano
esters [26].

Following these earlier examples, the compatibility of various chiral cation
phase transfer catalysts to enantioselective fluorination was explored. In 2010,
Maruoka and coworkers showed that quaternary ammonium catalyst, based on the
binapthyl scaffold, catalyzed the enantioselective fluorination of a variety of benzo
and non-benzofused cyclic p-keto esters in high yields and enantioselectivities
(Scheme 8.10) [27]. A similar phosphonium salt was reported by Ma and coworkers
to catalyze the enantioselective fluorination of lactones, albeit with low to moderate
enantioselectivities [28].

In 2014, Waser and coworker reported the use of urea-containing ammonium
phase transfer catalysts for the enantioselective fluorination of f-keto esters
(Scheme 8.11) [29]. The bifunctional catalysts were proposed to serve two roles;
the traditional phase transfer activation of the substrate, as well as activation of the
NFSI via hydrogen bonding with the urea moiety. As a result, a variety of substrates
were fluorinated in high yield and enantioselectivities. A polyethylene glycol (PEG)
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Scheme 8.9 Chiral cation-catalyzed fluorination of p-keto esters with proposed catalytic
cycle.

bound version of the catalyst was later synthesized to facilitate re-isolation by
precipitation with ether [30].

8.2.2.1.3 Enamine Catalysis

Covalent activation of carbonyl compounds is a mechanistic staple of many enan-
tioselective transformations. In this paradigm, a chiral amine condenses with a car-
bonyl to form a chiral enamine, which both enhances nucleophilicity and restricts
the approach of electrophiles from one enantioface of the enamine n-bond prefer-
entially. Initial attempts to amend this strategy to electrophilic fluorination were
conducted by Enders and Hiittl in 2005 with the asymmetric fluorination of cyclo-
hexanone (Scheme 8.12) [31]. A variety of proline derivatives were explored; but
yields and enantioselectivities were low in most cases.

This strategy proved more readily amenable to aldehydes, as first demonstrated
by both Jorgensen [32] and MacMillan [33] in 2005 (Scheme 8.13a,b). Jargensen
and coworkers utilized a diarylprolinol silyl ether (Hayashi-Jorgensen catalyst),
while MacMillan used an imidazolidinone catalyst to achieve high yield and
enantioselectivities (>90% ee for both methods). The two methods differ mainly
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Scheme 8.10 Enantioselective fluorination of enolates using tetra-alkyl ammonium (a)
and phosphonium (b) phase transfer catalysts.
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Scheme 8.11 Bifunctional urea—ammonium phase transfer catalyst for enantioselective
fluorination of p-keto esters.
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Scheme 8.12 Amine-catalyzed activation of cyclohexanone for electrophilic fluorination.
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in stereochemical outcome for the o-fluoro aldehyde, due to the difference in
alkene geometry of the enamide. As shown in Scheme 8.13c, the steric influence
of the dimethyl-methylene in the MacMillan catalyst favors a configuration with
the chiral information on the opposite face of the olefin, as compared to the
Hayashi-Jorgensen catalyst. Currently, branching at the a-position is an unsolved

problem for this strategy.
(1) Hayashi—-Jorgensen catalyst (1 mol%) OXAI’
N OTMS

o NFSI (1 0 equiv) R
OH ! .
L, IS e

MTBE, rt., 2-28 h F )
(2) NaBH,, MeOH, r.t. 8 examples: Hayashi-Jorgensen
1.5 equiv : catalyst
(@ a 55-595%, 91-97% ee ... o0 A ;
(1) MacMillan catalyst-DCA (20 mol%) Me\ 0

o NFSI (5.0 equiv) Rei~ Ni/
T OH ' Me Ph
R\)J\H iPrOH/THF, =10 °C, 12 h = 1 7(N !
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(b) 54-96%, 91-99% ee MacMillan catalyst
' Me o} Me, 0O
! OTMS OTMS; N N 1
LN A N Yoar iMe—( Ph Me—(_ Ph:
: % Ar - % Ar : Me” N — me” N :
= A
: R R ; E

Scheme 8.13 Amine-catalyzed enantioselective fluorination of aldehydes with
(a) Hayashi-Jergensen catalyst and (b) MacMillan imidazolidinone catalyst. (c) Speciation
of enamines for different catalyst systems.

Fluorination utilizing the imidazolidinone catalyst was shown to be amenable
to '8F fluorination, for positron emission tomography (PET) applications, by the
Gouverneur laboratory in 2015 (Scheme 8.14) [34]. In this report, radiochemical
conversions of up to 62% were observed, with enantioselectivities above 90% ee. The
stereochemical rationale is presumably identical to the MacMillan example shown
above.

H
(1) (ent)-MacMillan catalyst-DCA (1 equiv) N Ph
0] [18F]-NFSI N~ \n/

|
F‘\)J\H MTBE, r.t., 20 min R\‘) 0

(2) Benzhydrazide (1 equiv) 1gF

MeOH, r.t., 20 min
4 examples:
36-62% RCC, 92% ee

Scheme 8.14 8F fluorination of aldehydes utilizing enamine catalysis for PET
applications.
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In addition to the previously displayed compatibility of the stereogenic
a-fluoroaldehyde motif toward reduction and condensation with amines, these
products were also converted to a propargyl fluoride without loss of stereochem-
istry by in situ alkynylation with the Ohira-Bestmann reagent (Scheme 8.15a)
[35]. The propargyl fluorides underwent copper-catalyzed click reactions to form
the corresponding triazoles, Sonogashira coupling, as well as other alkynylation
reactions in high yields without loss of stereochemistry. Allylic fluorides were
also accessed by Wittig olefination of the a-fluoro aldehyde. In 2009, Lindsley
and coworker demonstrated that the a-fluoro aldehydes underwent reductive
amination to generate p-fluoroamines in high yield without loss of stereochemistry
(Scheme 8.15b) [36].
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(1) Hayashi-Jargensen catalyst (1 mol%) Sodium ascorbate N=N
o} NFSI (1.0 equiv) R = CuS0,-5H,0 "N
R\)J\ > R\‘/g/ M
H MTBE, rt.4-8 h F tBUOH/H,0 SPh
(2) K,CO4(2.6 equiv), MeOH F
Ohira-Bestmann reagent (1.3 equiv) 9 examples:
(a) 1.1 equiv 5-69%. 91 top>99% ce 68-87%, >91% ee
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E 1l 1

v ! P(OMe)2 |

R : : )J\[r .
\)J\H iPrOH/THF, —20 °C, 24 h E |5ﬂ ! '

(2) Amine (1.0 equiv) N '
NaBH((I):)Aé:I)Eaht.S equiv) 12 examples: Ohira—Bestmann :
AN '
(b) 58-92%, 87 to >99% ee reagent

Scheme 8.15 In situ alkynylation (a) and reductive amination (b) of stereogenic
a-fluoro-aldehydes.

In 2011, a highly enantioselective variant of cyclic ketones was disclosed by the
MacMillan laboratory, where an extensive screening of chiral amines revealed that
an aminated cinchona alkaloid (NH,-DHCN) provided the fluorination products in
high yield and enantioselectivities (Scheme 8.16) [37]. A handful of densely func-
tionalized polycyclic compounds were subjected to fluorination conditions, provid-
ing the product in high yield and diastereomeric ratios. The high reactivity and
selectivity of the aminated catalyst was proposed to be a result of it serving two
mechanistic roles, as an activator of the substrate and as an intramolecular fluorinat-
ing agent after fluorine transfer to the tertiary amine. A subsequent computational
study revealed that the preferred conformation of the seven-membered ring tran-
sition state associated with this intramolecular fluorination is responsible for the
observed selectivities [38].

8.2.2.1.4 Chiral Lewis Base Catalysis

Alongside chiral amines, chiral Lewis base catalysts have also been shown to be
useful in covalent activation of carbonyl-containing substrates. In 2008, Leckta and
coworkers demonstrated that acyl chlorides were activated by cinchona alkaloid
derivatives in conjunction with a transition metal Lewis acid (Scheme 8.17) [39]. The
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Scheme 8.17 Enantioselective a-fluorination of acid chlorides.
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resulting chiral zwitterionic enolate was fluorinated in high yield and selectivity, and
then hydrolyzed by the latent nucleophile in solution, enabling catalyst turnover. A
trans-acylation was conducted, allowing for a divergent approach for the synthesis
of fluoro amides and esters enantioselectively. In a closely related follow-up publi-
cation, the group showed that this methodology can be applied to natural product
functionalization [40].

In 2014, the Fu group demonstrated similar reactivity with a ferrocene-based chi-
ral 4-dimethylamino pyridine (DMAP") derivative (Scheme 8.18) [41]. In this work,
the chiral DMAP" condenses with the ketene to form a zwitterionic enolate, which is
preferentially fluorinated in high yield and enantioselectivity from the less sterically
hindered face. The catalyst is then regenerated by nucleophilic attack of perfluoro
phenoxide. The resulting a-fluoro perfluoro phenol ester product was then converted
to a variety of a-fluoro carbonyl-containing products, such as amides, esters, alco-
hols, and carboxylic acids. Evidence for this mechanism came with stoichiometric
experiments, where a-fluoro acylated DMAP” was isolated as a single diastereomer
and hydrolyzed to form the desired product.

DMAP* (3 mol%)
0 NFSI (1 equiv) (0]

Il NaOCgFs5 (1 equiv) )J\(R
I — > GC4Fs0
THF, -78 °C ‘F !
ArJLR Ar ON !
11 examples: ,

84-98%, 84-98% ee

: >
NaOCgFg ! !

Fe
DMAP*
DMAP*
®bmap* BIMAP* e ;

F’
[P - > Ar
O)\/Ar O)\ﬁl:
R R

Scheme 8.18 Chiral DMAP-catalyzed a-fluorination of ketenes.

In 2012, Lin, Sun, and coworkers applied Stetter reactivity for the enantioselective
fluorination of aldehydes with N-heterocyclic carbenes (NHCs). The Breslow inter-
mediate formed from the condensation of an NHC and an aldehyde is fluorinated
enantioselectively based off of the steric profile of the NHC. The NHC-substrate
condensate can then be hydrolyzed by an assortment of alcohols, allowing for the
synthesis of a variety of a-fluoro esters in high enantioselectivities (Scheme 8.19)
[42]. In successive reports, similar reactivity was achieved with unactivated aldehy-
des [43, 44] and cinnamaldehydes [45].

8.2.2.1.5 Chiral Anion Phase Transfer

While chiral cation phase transfer catalysis had proved incredibly useful in the
field of asymmetric catalysis, the substrate scope was typically limited to activated
nucleophiles or those with low pKas, due to the mode of activation. In order
to solve this problem, the Toste group developed a chiral anion phase transfer
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NHC*-HBF4 (10 mol%)
(0] NFSI (1.1 equiv) O

ROH (5 equiv)
RNH - R\/\)J\OMG

NaOAc (2 equiv)

T

0OCO,Me CHClg, rt., 48 h
e N ! 25 examples:
=N i 5-86%, 56-97% ee
N\/N\Mesg
: . E MeOH
NHC*

NHC* o® NFSI R 9 ®
—ocome® R MNHC*@ — NHC*

Scheme 8.19 Chiral NHC-catalyzed synthesis of a-fluoro-f,y-unsaturated esters via
Stetter-type reactivity.

(CAPT) approach in 2011, where a number of alkene-containing substrates such
as dihydropyran, dihydronaphthalene, and benzothiophene-containing amides,
underwent fluorination with high yields and enantioselectivities (Scheme 8.20)
[46]. It was proposed that the deprotonated chiral phosphoric acid (CPA) catalyst
undergoes salt metathesis with the insoluble Selectfluor to form a soluble chiral ion
pair, which fluorinated the substrate enantioselectively. This chiral ion pair with
the cationic electrophilic reagent allows non-anionic and relatively unactivated
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. R3 e
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Neods
'R :
NaHCOjg ! Ar |
. ! Ar=2,4,6-iPr3CgHz '
Na,CO, o0 ! (R)-Ca=TRIP:R=CgHyy |
O=p,, i (R-TIPS-TRIP:R=TIPS :
Nao & © P
N® BF,® oF )
[ G\)7 4 N 9 examples:
N ° O 67-95%, 79-97% ee
* F BR, [¢) />_ A >20:1dr
(?w Selectfluor N
HO—| (insoluble)
I'ID\O
NaBF,
o 4 examples:
y—Ar 70-87%, 92-96% ee
R2Y F 7 >20:1dr
0 o
ch A [NG\)7 o2p.
N 4°
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| H 59%, 89% ee and
oL 900
R N\n/Ar ’\1>—Ar 69%, 90% ee
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Scheme 8.20 CAPT-catalyzed fluorocyclization of olefins
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substrates to be compatible with this strategy. Mechanistically, the phosphate anion
serves the dual purpose of both activating the substrate via hydrogen bonding and
ion-pairing with the reagent.

Since this initial report, the CAPT strategy has proved to be a useful method for
the construction of fluorinated heterocycles of different substrate classes. In 2017
and 2018, the You group expanded this strategy to the fluorocyclization of tryp-
tophols [47] and tryptamines [48], respectively, utilizing similar reaction conditions
(Scheme 8.21).

(S)-Anthryl-CPA (5 or 10 mol%) F
NHPG Proton sponge (1.15 equiv)
R, R, Selectfluor (1.1 equiv) R NPG
R

A\
N 2
H PhF/MeCN. -60 °C H ™2 pmmmmmmeeeee- AT :
24 examples: :
(a) 29-92%, 56-90% ee 0. 0

(S)-Anthryl-CPA (5 mol%) 0" "OH .
Proton sponge (1.2 equiv) ' OO !
H 4-FPhB(OH), (1 equiv) F ! Ar E

A Selectfluor (1.1 equiv) : (S)-Anthryl-CPA :

i Re i Ri ' Ar=9-anthryl :
” H»0 (5 equiv) PR A so-anthryl . '

4 AMS, THF, -60 °C H
17 examples:
(b) 52-95%, 66-94% ee

Scheme 8.21 Chiral anion phase transfer-catalyzed fluorocyclization of (a) tryptophols
and (b) tryptamines.

In addition to the ability to synthesize fluorinated heterocycles through enantiose-
lective fluorocyclization, CAPT has been used to perform a variety of stereoselective
acyclic fluorination reactions. In 2012, the Toste group demonstrated this by
expanding the scope of reactions to a-fluorinations, first to enamides [49] followed
closely by phenols [50]. For the phenolic substrates, dearomative a-fluorination
was observed in high yield and enantioselectivity (Scheme 8.22). Interestingly, for
less sterically encumbered substrates, a [4+2] dimerization following fluorination
was observed, leading to fluorinated tricyclic compounds with dense functional-
ity. A fluoro-dehydroxy analog of (—)-grandifloracin was synthesized using this
methodology.

In 2013 and 2014, the Toste group demonstrated the application of this method-
ology to allylic fluorinations, with both amide [51] and in situ-generated boronic
acid-monoester directing groups [52] (Scheme 8.23a,b). In the latter case, conden-
sation of the alcohol with an achiral boronic acid proved to be crucial to both the
yield and enantioselectivity of the reaction. By judicious choice of boronic acid, the
product was isolated in high yield and enantioselectivity.

In a follow-up study, systematic alteration of the catalyst and boronic acid struc-
ture in conjunction with multivariate parameterization and traditional mechanistic
investigation revealed that the observed selectivity differences were the result of mul-
tiple potential mechanistic paradigms being operative. By studying this effect, the
authors developed a system where one chiral catalyst can yield either enantiomer
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9 examples:
28-75%, 87-96% ee
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Scheme 8.22 Enantioselective a-fluorination of phenols enabled by CAPT and subsequent
[4+2] cycloaddition for sterically unhindered substrates.
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Scheme 8.23 Chiral anion phase transfer-catalyzed allylic fluorination with amides (a) and
boronic esters (b) as directing groups.

of the product depending on the identity of the achiral boronic acid (Scheme 8.24)
[53]. A similar effect was observed in the homoallylic version of the reaction, where
multivariate analysis revealed that a potential T-shaped arene—arene interaction was
responsible for the enantioselectivity observed [54].

In 2014, the Alexakis group applied the CAPT approach to a fluorinative
aza-semi-pinacol rearrangement to synthesize spirocyclic p-fluoro imines in
high yield, diastereoselectivity, and enantioselectivity (Scheme 8.25) [55]. The



iPr /OH
B
: : \
OH

(R)-TCYP (10 mol%)

Me Selectfluor (1.3 equiv)
h)\/\ NayHPO, (4.0 equiv)
P OH  4AMS, PhMe
rt,36h
MeO
OH
B
\
OH
MeO

Ph

Ph

T

5

OH

OH

77% ee

92% ee

8.2 Electrophilic Fluorination | 257

O. P:/O

O~ TOH

(R)-TCYPDIP:
Ar=2,4,6-Cy5-CgH,

o

Scheme 8.24 Enantiodivergent fluorination of allylic alcohols with different boronic acid

directing groups.

methodology was later expanded to strained alcohols, providing p-fluoro spirocyclic
butanones, pentanones, and hexanones in similarly high yield, diastereoselectivity,
and enantioselectivity [56]. These cyclic ketones underwent Baeyer-Villiger oxida-
tion, as well as reduction via Red-Al, in high yield without loss of stereochemistry.
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Scheme 8.25 Chiral anion phase transfer-catalyzed fluorinative semi-pinacol

rearrangements.

In 2014, the Toste group published a cooperative amine-CPA catalyst system for
the a-fluorination of ketones (Scheme 8.26) [57]. Under the reaction conditions, the
chiral amine was proposed to condense with the ketone to form an enamine. The
enamine N—H bond then acts as a hydrogen bond donor to the catalyst and aids in
directing the fluorination event from one face. During the optimization process, the
identity of the amine was found to be critical to the reaction, where matched and
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mismatched effects based off of the chirality of amine-CPA pair were observed in
the enantioselectivity of the reaction.

(R)-Cg—TRIP (5 mol%)
(Amine 1, 2, or Phe)-HCI (20 mol%)

NayCO3 (2.0 equiv) O o]
o R OMe

(0] / o 5 :
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Scheme 8.26 Enamine-CAPT dual catalysis for enantioselective a-fluorination of ketones.

Aside from the single axially CPA-based catalysts, other catalyst frameworks have
been developed to achieve CAPT reactivity. In 2012, the Toste group demonstrated
that a double axially CPA could be used for the CAPT-catalyzed oxy-fluorination of
enamides in high yields, diastereoselectivity, and enantioselectivity (Scheme 8.27)
[58]. An intramolecular variant of the transformation was later disclosed for the syn-
thesis of dihydroquinazolones in high yield and enantioselectivity [59].
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1 2
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(b) X=0,NR 34-93%, 84-98% ee

Scheme 8.27 (a) Intermolecular and (b) intramolecular fluoro-functionalization of
enamides.

Chiral anion phase transfer catalysts are not limited to the BINOL-derived
phosphoric acids. In 2015, the Hamashima group disclosed an enantioselec-
tive fluoro-lactonization that proceeds with an alternative chiral anion catalyst
(Scheme 8.28a) [60]. This catalyst contains both a carboxylic acid and an alcohol
functional group, which are proposed to mimic the dual-purpose nature of the
CPA catalyst for both ion-pairing and acting as a hydrogen bond donor. As a
probe for their mechanistic proposal, a catalyst featuring a methylated ether at
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the alcoholic position was synthesized and tested under their reaction conditions.
The catalyst produced the racemic product in a diminished 28% yield. Thus, it was
posited that this hydrogen bonding interaction was key to catalyst efficacy. In a
closely related follow-up report, Hamashima and coworkers displayed the synthetic
utility of carboxylic acid-based phase transfer catalyst, by synthesizing a tethered
version of the previously reported catalyst (Scheme 8.28b) [61]. This catalyst was
hypothesized to undergo double deprotonation, allowing for better cooperation
with the doubly cationic Selectfluor. Utilizing this catalyst, the authors affected an
enantioselective 6-endo fluorocyclization of styrenal amides with high yields and
enantioselectivity.

PTcatt (10mol%) = mmmmmmmmmm—ememmmmome—mooooooooo l

i
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Scheme 8.28 Chiral carboxylic acid phase transfer catalysts for the enantioselective
fluorocyclizations of (a) benzoic acids and (b) amides.

8.2.2.2 Transition Metal-Catalyzed Fluorinations

Transition metal-catalyzed enantioselective reactions have historically played an
important role in the field of asymmetric fluorination. Initial pioneering examples
focused on fluorination of enolates that can engage in two-point binding to a
Lewis acidic metal, where chiral information installed on the ligands can direct
the facial selectivity between the enolate and the electrophilic fluorine source. A
variety of metals and ligand platforms have shown that this is a general strategy
for enantioselective fluorination of enolates. In recent years, there have been an
increasing number of examples wherein the transition metal is directly involved
in the C—F bond forming step via a C-F reductive elimination. These examples
typically require transition metals in high oxidation states, which significantly
limits the metal and ligand platforms that can be utilized.

8.2.2.2.1 Fluorination of Metal Enolates or Equivalent

As previously mentioned, initial reports focused on substrates that displayed
two-point binding with a transition metal catalyst to generate rigid cyclic chiral
nucleophiles (Scheme 8.29). As a result, f-keto esters have been the substrate of
choice for many early examples of this strategy in developing metal-ligand systems
for affecting these transformations. In these systems, the coordination of both
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carbonyls to one metal reduces the pKa of the substrate significantly, allowing it to
be deprotonated with a variety of bases. Upon deprotonation, the substrate—catalyst
pair forms a rigid system that is selectively fluorinated from one face, as determined
by the chiral ligand. After fluorination, the product is displaced by the starting
material, turning over the catalyst.

0 0 o o
R1J§/k0R3 L. L R1Jj\/u\0R3
F R2 X/M\X R2
HX
L L Lot o
O/ \O 2X@ O/ \O X
|

Scheme 8.29 General mechanism for metal-catalyzed fluorination of p-keto esters.

Ti-Taddol Complexes In 2000, Hintermann and Togni published the first
metal-catalyzed enantioselective fluorination reaction. The TiCl,(TADDOLato)
catalyst effectively fluorinated p-keto esters at room temperature with high enan-
tioselectivity (Scheme 8.30) [62]. An ensuing computational study revealed the
possibility of single-electron transfer and radical intermediates in the fluorination
mechanism [63]. In 2012, Togni published an expanded substrate scope for the
enantioselective a-fluorination of activated carbonyl compounds. In addition to a
variety of acyclic and cyclic p-keto esters, thioesters, amides, and diketones were
examined [64].

BINAP- and SEGPHOS-Based Ligands Bisphosphine-based ligands comprise a large
fraction of metal-catalyzed enantioselective fluorination reactions, most commonly
ligated with palladium as the Lewis acid. The first example of this catalyst platform
was reported by Sodeoka and coworkers in 2002, where a BINAP-Pd complex
acted as a Lewis acid to activate p-ketoesters toward electrophilic fluorination
(Scheme 8.31) [65]. A handful of compounds were fluorinated in high yields
(49-92%) and high enantioselectivities (83-94% ee). The reaction was performed
on gram scale with no observable loss in reactivity or enantioselectivity. From
the enantioenriched fluorinated p-keto esters, the authors accessed p-hydroxy
and p-amino esters via reduction and Mitsunobu amination. In a subsequent



8.2 Electrophilic Fluorination

! Me Me !
Taddolate-TiClp(MeCN); (5 mol%) o o ! X !
Selectfluor (1.2 equiv) 5 Q © E
1 2 7 i
% MeCN, rt., 15 min—1 d R“ﬂﬂzﬁu\m : RJ(_STOH :
tHOR RR
>85% yield i Taddolate-Hy: |
i R=1-naphthyl .
R! R? ee " !
Ph Et 62
O O Ph CHPh, 82
Et CHPh, 82
R! R? Et Bn 71
M Me CHy(1-naphthyl) 68
Me CHy(2,4,5-iPrsCgH,) 90
(a)
O O o E o O O
N MYMSRZ )S(m s A
R?F Me F Me F R2F
37 examples: 2 examples: 4 examples: 2 examples: 6 examples:
34-96%, 5-90% ee 70-75%, 39-46% ee 13-78%, 62-92% ee 75%, 45-59% ee 67-90%, 0-27% ee
w/NFSI
(b)

Scheme 8.30 Ti-Taddol-catalyzed electrophilic fluorination of $-keto esters (a) and
expanded substrate scope (b).
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Scheme 8.31 (a) Pd-catalyzed fluorination of p-keto esters with BINAP and SEGPHOS
ligands. (b) Derivatization of a-fluoro-p-keto esters.
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report, Sodeoka and coworkers immobilized the Pd-BINAP catalyst in an ionic
liquid, which allowed for catalyst reuse for 11 cycles without loss of reactivity or
enantioselectivity [66].

Utilizing this synthetic platform, many substrate classes were fluorinated with
high yield and enantioselectivity. Sodeoka and coworkers first expanded the
methodology to B-keto phosphonates by utilizing a similar catalyst architecture
and conditions (Scheme 8.32a) [67]. This was soon followed by a report from
Kim and coworker where a-cyano esters were fluorinated in high yield and
enantioselectivity [68]. Since these initial reports, the scope of substrates has
expanded to a-cyanophosphonates [69, 70], a-chloro-p-ketophosphonates [71],
a-cyanosulfones [72], p-ketoamides [73], and a-ketoesters [74]. The synthetic utility
of the PAd-BINAP system for asymmetric fluorination was showcased in a scalable
synthesis to a spleen tyrosine kinase (Syk) inhibitor, in which an intermediate was
fluorinated with NFSI to produce 44 kg (68%) of product as a single diastereomer
(Scheme 8.32b) [75].

(DM-BINAP or DM-SEGPHOS)-Pd(OH)(OTf),

o o (1-10 mol%) o o
1l NFSI (1.5 equiv) I

RJ]\/F’(OEU2 RJ\(P(OE% ..................
B2 EtOH, rt.—40 °C, 3-48 h R2E Lo
6 examples: E % O PAr, E
(a) 38-97%, >94% ee ' o !
o o ((S)-BINAP-PAMeCN),(OTf), (1 mol%) o o : % O PAr, !
NFSI (1 equiv), 2,6-lutidine (0.5 equiv) F ' .
RO)‘\@H RO)%\IH i 5
EtOH, <5 °C, 24 h ! (R)-DM-SEGPHOS
! 1Ar=3,5-Me,CeHg !
R = (+)-menthyl 68%, single diastereomer - _____________. :

(b) 44 kg isolated

Scheme 8.32 Asymmetric a-fluorination of (a) f-keto phosphonates and (b) p-keto amide.

In 2007, Sodeoka and coworker published a NiCl,-BINAP-catalyzed asymmetric
fluorination of oxazolidinones (Scheme 8.33) [76]. While the method uses Ni(II),
the mechanistic rationale for the stereochemical outcome is presumed to be similar
to the Pd-BINAP examples. Treatment of the a-fluorooxazolidinones with methyl
hydroxylamine or LIOH-H, O, yielded a-fluoroamides and a-fluorocarboxylic acids,
respectively. This method was valuable, as it provided a solution for the incompati-
bility of monoesters in asymmetric fluorination.

(R)-BINAP-NiCl, (5-10 mol%)
NFSI (1.5 equiv)
Et3SiOTf (0.75 equiv)

Q 0 2,6-Lutidine (1.5 equiv) Q Q
S\)\:"\l)]\/Ar S\)i"\l)k‘/Ar

PhCHg, 20 °C, 24 h
E

8 examples:
15-99%, 11-88% ee

Scheme 8.33 Enantioselective fluorination of oxazolidinones by Ni-BINAP catalyst
system.
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Oxazoline-Based Ligands Oxazolines, a privileged ligand class for methodologies
involving enantioselective transition metal catalysis, were first used for asymmetric
fluorination in 2004 by Cahard and coworker. In this example, a Cu(II)-BOX com-
plex catalyzed the fluorination of p-keto esters in high yield and moderate to high
enantioselectivities, with as low as 1 mol% catalyst loading (Scheme 8.34a) [77]. Sim-
ilar to previously published metal-catalyzed examples, enantioinduction was pre-
sumed to be a result of the bidentate binding of the substrate to the catalyst, which
influences the face available to the electrophile. In a closely related publication, Shi-
bata, Toru, and coworker demonstrated that the enantiomer produced in the reac-
tion can be switched by changing from Cu(OTf), to Ni(ClO,),-6H,0O (Scheme 8.34b)
[78]. The source of enantiodivergent fluorination was rationalized by alternate bind-
ing geometries between the two metals, where Cu(II) and Ni(II) were proposed to
be distorted square planar and square pyramidal, respectively.

Cu(OTH)/(R,R)-PhBOX (1 mol%) ' Me Me '
o O NFSI (1.5 equiv) o O Lo o
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R OR® Ry Rs ' </{\l ,\}\2 :
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‘PR Ph !
L. _(RR)-PRBOX 1
o]
0o 0.0 £ O 0.0
OtBu OBn
M, . LT
96%, 85% ee 92%, 63% e 94%, 35% ee 92%, 38% ee
0O O 0O O O O Ph
Ph/lSJ\OtBu Ph%gj\o/\*Naph Ph)J}gj\o)\ Ph
Me F Me F Me F
@ 56%, 43% ee 88%, 40% ee 72%, 52% ee
Ni(CIO 1)-6Ho0 (10 mol%) Cu(OT), (10 mol%)
0 (S.5)-PhBOX (10 mol%) 0 (.,5)-PhBOX (10 mol%) 0
‘F NFSI (1.2 equiv) NFSI (1.2 equiv) F
S [ ——
COBU 4 1s Do, 20 °C COBU 44 s, £4,0,20°C CO,tBu
87%, 93% ee 81%, 70% ee

(b)

Scheme 8.34 (a) Fluorination of p-keto esters in the presence of a Cu-BOX catalyst. (b)
Metal-dependent divergence in enantioselectivity.

In a follow-up publication, Shibata, Toru, and coworker improved the enantios-
electivities of the p-keto ester substrate class, as well as expanded the scope of the
reaction by utilizing (R,R)-DBFOX-Ph, an oxazoline-containing ligand based on the
dibenzofuran core. A variety of cyclic and acyclic p-keto esters as well as oxindoles
were fluorinated in high yield (>70%) and high enantioselectivities (>83% ee,
Scheme 8.35) [79]. The Xu group adapted this process to flow [80] and ball mill [81]
synthetic protocols by using similar tridentate ligand frameworks. PyBox ligands, in

263



264 | 8 Asymmetric Fluorination Reactions

conjunction with Lewis acidic lanthanide metal salts, also catalyzed the fluorination
of similar B-keto ester substrates in high yield and enantioselectivity [82].

(R,R)-dbfox-Ph (11 mol%)
Ni(ClO4)5-6H,0 (10 mol%)
NFSI (1.2 equiv)

4AMS, DCM, r.t.

oO_O
F O e
OAd
OR
R = tBu: 76%, 99% ee 88%, 95% ee

R=Ad, 71%, 99% ee
R =L-menthyl: 88%, 99% de

OFO

Et OCHPh,

0°C:75%, 83% ee Ni(OAc),-4H,0 instead
R = Me: 73%, 93% ee

R = Ph: 72%, 96% ee

L
/
|
\
\

(6]
-~ F
CO,R
-7 n

Ph Ph
(R,R)-DBFOX—Ph

O £ O

86%, 99% ee

(@]
O
OtBu

Ni(OAc),-4H,0 instead 2 mol% [Ni]/dbfox—Ph

71%, 93% ee 93%, 99% ee

Scheme 8.35 Ni-DBFOX-catalyzed enantioselective fluorination of various substrate

classes.

In 2008, Shibata, Toru, and coworker used the DBFOX ligand platform to affect the
enantioselective fluorination of malonates in a desymmetrization-like transforma-
tion. A variety of acyclic malonates were fluorinated in 81-95% yield and ees >90%
(Scheme 8.36) [83]. In 2009, Shibata and coworkers reported the enantioselective
fluorination of thiazolidinones with a Ni(C10,),-DBFOX catalyst system. A variety
of benzylic and allylic substituents were examined, wherein generally high yields

and enantioselectivities were observed [84].

Zn(OAc), (10 mol%)
(R,R)-DBFOX—Ph (11 mol%)
NFSI (1.2 equiv)

o O

MeOMOtBu

R

4 AMS, DCM, reflux, 15-36 h

(a) Ni(CIO4)p-6H50 (10 mol%)
(R,R)-DBFOX—Ph (11 mol%)
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Scheme 8.36 Ni-DBFOX-catalyzed a-fluorination of (a) malonates and (b) thiazolidinones.
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Miscellaneous Metal-Catalyzed Reactions A novel strategy for asymmetric fluorina-
tion of p-keto esters was demonstrated in 2007 by Shibata, Toru, and coworkers. In
this example, an achiral Cu(II)-dmbipy complex intercalated in salmon testes DNA
(st-DNA) provided a chiral pocket based off of the chirality of the helix. A variety
of substrates were fluorinated in 32-96% yield and with ees of 3-74% (Scheme 8.37)
[85]. This represents one of the few examples where supramolecular chiral informa-
tion is transferred in a fluorination reaction.

o 20 mg st-DNA o R, ,
Cu(dmbipy)(NO3), (33 mol%) ! '

Selectfluor (2 equiv) F | Me, Me !

2 2 _ :

; COR" ViEs buterMecN, 5 °C, 6 h ; COR™ & /2
R n R n ' =N N '
E dmbipy .

19 examples
32-96%, 3—74% ee

Scheme 8.37 Cu-dmbipy intercalated in st-DNA-catalyzed fluorination of p-keto esters.

In 2012, Shi and coworkers published the use of a bis-NHC ligated palladium
complex that catalyzed the enantioselective fluorination of oxindoles in high yield
(>80%) and with moderate enantioselectivity (0-59% ee, Scheme 8.38) [86]. Owing
to the incompatibility of NHC ligands with electrophilic fluorinating agents, there
are not many other examples of similar catalyst systems for enantioselective fluori-
nation.

R?  NHC*,Pd(H,0),(OTf), (3 mol%) ) R

R! Selectfluor (1.5 equiv) R E O g/
o o o H,0-Pd—OH,
Qe O

\ Acetone, —20 °C, 24—48 h h3

RS
20 examples
80-98%, 0-59% ee

Scheme 8.38 Bis-NHC ligated Pd(Il) complex for a-fluorination of oxindoles.

Another ligand class with relatively few examples for electrophilic fluorination
is the tetradentate ligand frameworks. The first example of ligands of this type
applied to asymmetric fluorination was disclosed by Togni and coworkers. They
used a PNNP ruthenium complex to perform an enantioselective fluorination
of pB-keto esters (Scheme 8.39) [87]. A wide variety of ring sizes, ring positions,
lactams, and acyclic esters were examined. While p-keto esters provided the product
in high yields (34-96%) and high enantioselectivities (mostly 53-93% ee), lower
enantioselectivities (8-11% ee) were observed with B-keto amides. Cobalt-salen
complexes [88] and binaphthyl derived salen ligands [89] also catalyzed similar
fluorination reactions.

265



266 | 8 Asymmetric Fluorination Reactions

(PNNP)RUCI, (10 mol%)
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Scheme 8.39 Ru-PNNP-catalyzed a-fluorination of B-keto esters.

While BINAP derived ligands comprise the majority of phosphine-based ligands
for enantioselective fluorination, similar reactivity with alternate phosphine-based
ligand platforms had been studied. In 2012, Leeuwen and coworkers reported
the synthesis of a novel ligand class, SPANphos, which features a wide bite angle
bisphosphine motif. In this report, a Pd-SPANphos complex catalyzed the enan-
tioselective fluorination of a-cyano esters in high yields and enantioselectivities
(Scheme 8.40) [90].

Pd(OAc), (5 mol%)

CO,tBu  SPANphos (6 mol%) CO,Bu | i
AI’—< NFSI (1.1 equiv) Ar E F ; i
CN EtOH, 0 °C, 18 h CN 5 i

7 examples: PPh, Ph,P

35-97%, 9-93% ee SPANphos

Scheme 8.40 Pd-SPANphos-catalyzed enantioselective fluorination of a-cyano esters.

In 2006, Inanaga and coworkers disclosed the use of a unique scandium perfluo-
rophosphate complex, which catalyzed the asymmetric fluorination of p-keto esters
in high yields and moderately high enantioselectivities as well (Scheme 8.41a)
[91]. In addition to the atypical catalyst, this report also featured the use of
N-fluoropyridinium salts as the electrophilic fluorine source. Another rare use of a
Lewis acid catalyst was presented by the Xu group in 2016, where a chiral at iridium
complex catalyzed the asymmetric fluorination of acyl imidazoles in high yield and
enantioselectivity [92] (Scheme 8.41Db).
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Scheme 8.41 (a) Scandium-CPA-catalyzed fluorination of f-keto esters and (b) chiral at
iridium complex-catalyzed a-fluorination of acyl imidazoles.

8.2.2.2.2 Fluorination of Metal-Carbon Bonds Without Enolates

In the late 2000s, catalytic C(sp*)—F bond forming reactions were being studied,
facilitated by C-F reductive elimination from high valent metals. These devel-
opments resulted in a growing interest in applying this mechanistic paradigm to
C(sp*)—TF bond formation, especially in an enantioselective manner. Compared to
other metal-catalyzed electrophilic fluorination methods, there are relatively few
examples of metal-catalyzed asymmetric fluorination reactions wherein a transition
metal undergoes C—F bond reductive elimination. This class of reactions is mainly
populated by group 10 elements. The first example was published by the Gagné lab-
oratory in 2013 with an enantioselective fluorinative polyene cyclization-catalyzed
by an electrophilic platinum(II) complex (Scheme 8.42) [93]. A range of polyene
substrates underwent fluorocyclization utilizing this methodology. Similar to other
reports published by the Gagné laboratory, the proposed mechanism begins with a
polyene cyclization initiated by a chiral platinum complex, which results in a poly-
cyclic platinum organometallic species. The Pt(I) organometallic complex is then
oxidized by XeF, to a Pt(IV) fluoride. This intermediate undergoes inner-sphere
C—F bond reductive elimination to provide the product, as evidenced by the
stereoretentive fluorination of the Pt—C bond.

Following this, the Toste group developed a palladium-catalyzed three component
fluoroarylation of olefins. A variety of amide-containing styrenes were fluorinated in
high yields and high enantioselectivities (Scheme 8.43) [94]. The proposed reaction
mechanism is initiated by an enantiodetermining migratory insertion of a Pd-Ar
complex into the olefin to arrive at a chiral organometallic palladacycle, where coor-
dination of an intramolecular amide prohibits $-hydride elimination. Oxidation of
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Scheme 8.42 Enantioselective fluorinative polyene cyclization catalyzed by a chiral
platinum complex.

PA(IT) complex to PA(IV) by Selectfluor is followed by reductive elimination to form
the C—F bond stereocenter.

In a subsequent report, the Toste group demonstrated the enantioselective
1,1-fluoroarylation of allylic amines (Scheme 8.44a) [95]. Similar to the example
described above, this reaction is proposed to initiate with migratory insertion of
an aryl-palladium complex into the alkene. The resulting complex undergoes
B-hydride elimination and reinsertion with the palladium at the benzylic position.
Oxidation to a Pd(IV) fluoride by Selectfluor is followed by C-F reductive elim-
ination. A similar enantioselective 1,1-fluoro arylation reaction was applied to
acrylates and acrylamides (Scheme 8.44b) [96]. In 2017, the approach was applied to
the enantioselective 1,3-fluoroarylation of chromenes, where product selectivity is
rationalized based on a palladium chain walking mechanism, followed by oxidation
and C-F reductive elimination [97] (Scheme 8.44c).

In 2018, the Yu group developed an enantioselective C(sp*)-H fluorination
strategy catalyzed by palladium (Scheme 8.45) [98]. In this example, a 2-alkyl
substituted benzaldehyde condenses with a chiral amine, which directs a C-H
metalation event diastereoselectively. The resulting Pd(II) complex is oxidized
with [2,4,6-Me,;Py-F|BF,, followed by inner-sphere reductive elimination. A
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Pd(OAc)./(R)-tBu-PyrOX (15 mol%)
0 (2-EthylhexylO),PO,H (30 mol%)
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Scheme 8.43 Palladium-catalyzed enantioselective 1,2-fluoro-arylation of styrenes.

variety of 2-alkylbenzaldehydes were fluorinated in moderate yields and excellent
enantioselectivity.

8.3 Nucleophilic Fluorination

Fluorination using nucleophilic fluoride sources provides many unique bene-
fits over electrophilic methodologies. In addition to avoiding strong chemical
oxidants, the use of HF or MF as the source of fluoride renders these reactions
atom economical. Additionally, amending these types of reactions to F labeling
for PET purposes is much simpler, as 8F fluoride is easier to generate and work
with than electrophilic ®F sources. Unfortunately, in contrast to electrophilic
fluorination, methodologies that utilize nucleophilic fluoride sources are much
less common. One main reason for this is the poor solubility of fluoride salts in
typical solvents that are useful for catalysis. Additionally, the nucleophilicity of the
fluoride ion is significantly diminished in solvents with hydrogen bond donors due
to a strong solvation shell. These restrictions make the development of methods

269



270

8 Asymmetric Fluorination Reactions

Pd(MeCN),Cl, (10 mol%)
(S,S)-Bn-BIOX (13 mol%)
Selectfluor (3 equiv)

Ns

Ns ) |
| Ar-B(OH), (3 equiv) _N Ar 15 examples: . _____ ,
N~ RO 35.60%, 66-91% ee v o %o :
(@ PhH/BnCN/H,0, 4 °C, 18 h F [Mj
B’ Bn
Pd(OAC)y/L* (15 mol%) | (S9)BnBIoX
NFSI (2 equiv) L* = (S,S)-iPrBOX
(0] Ar-B(OH), (2—4 equiv) F o X =0R (14 examples):
tBu-catechol (4 mol%) 55-88%, 84-94% ee
\)LX Ar)\/”\ X L*=(SBu-PyrOX . .
iPrOH/H,0 or acetone/H,O X=NR; (6 examples): ! Me Me '
() rt,20h 45-85%, 68-84% ee o o !
| ) |
Pd(OAc),/tBu-PyrOX (15 mol%) H S/I\l /
Selectfluor (2 equiv) ' ol
i WiPr iPr
Ar-B(OH), (1.5 equiv) H . |
R_O tBu-catechol (4 mol%) R_0O v (S,5)-iPrBOX

Ar L l
9 examples:

31-50%, 60-96% ee

(2-Ethylhexyl-0)oPO,H (40 mol%)

NaF (1.5 equiv)

DCE/H50, r.t., 24 h
O 2L, I, F
© ©

Scheme 8.44 Palladium-catalyzed enantioselective fluoro-arylation of (a) allylic amines,
(b) acrylates—acrylamides, and (c) chromenes.
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Scheme 8.45 Palladium-catalyzed enantioselective C-H fluorination with in situ chiral
directing group strategy.

that install fluorine from fluoride difficult. Nevertheless, there are strategies that
can incorporate fluoride into an organic structure enantioselectively.

8.3.1 Metal-Catalyzed Nucleophilic Fluorination

8.3.1.1 Ring Opening of Strained Ring Systems

The incorporation of fluoride into organic molecules has been a longstanding
challenge for transition metal catalysis due to the strength of M—F bonds. The first
reports had to offset this large energetic cost by rendering the overall desired trans-
formation highly exergonic. As a result, these initial methodologies for asymmetric
fluorination using fluoride involved the ring opening of strained heterocycles
with Lewis acidic metals. The first demonstration of this strategy was by Haufe
and coworker in 2000, where treatment of meso-epoxides with a chromium salen
complex produced the ring-opened fluorohydrin in moderate enantioselectivities
(>55% ee, Scheme 8.46) [99]. Unfortunately, high Lewis acid loadings of >50%
were required as decreasing this to 10% led to sharp declines in enantioselectiv-
ities (<50% ee), presumably due to uncatalyzed background fluorination. In a
following study, the authors investigated the effect of other fluorinating agents on
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enantioselectivity, and used the methodology to synthesize both enantiomers of
fluoro lasiodiplodin [100].

Cr-salen catalyst (1 equiv)
KHF, (4 equiv)

18-crown-6 (1.6 equiv) OH 929% conv. bR LB
89:11 F.Cl
DMF, 60 °C, 80 h X 55% ee (X =F)

1 K :
Cr-salen catalyst (50 mol%) ! Bu AN tBu E

_N\ /N_
0 KHF, (4 equiv) OH 0 0
Bu tB

18-crown-6 (1.6 equiv) F' 299% isolated, 90% ee
10 mol% catalyst: 50% ee
DMF, 60 °C, 80 h

Scheme 8.46 Chromium (l)-salen-catalyzed ring opening fluorination of cyclohexene
oxide and styrene oxide.

In 2010, the Doyle group rendered the reaction catalytic in cobalt salen complex
with the use of benzoyl fluoride and hexafluoroisopropanol (HFIP) as a slow-release
source for HF in the reaction (Scheme 8.47) [101]. This strategy presumably low-
ers the concentration of free HF in solution, limiting the problem of uncatalyzed
racemic ring opening. A variety of meso-epoxides underwent ring opening in high
yields and enantioselectivities. In a follow-up study, kinetic analysis and mechanis-
tic evidence implicated a dual role for the Co-salen complex as both a Lewis acid
activator and forming the active nucleophilic fluorination reagent [102]. The resting
state of the catalyst was proposed to exist as a fluoride or hydrogen bifluoride bridged
dimer, which the amine cocatalyst served to dissociate, to promote catalysis.

CLB (8 mol%)
(R)-CoSalen (10 mol%)
PhCOF (2 equiv)

: N h —N. EN_ ;
HFIP(4 equiv) e i+ Ph /):> b P :
X :[:O \ j\ : NTTS i o o tBu!
. TBME, i1, 24-120h  .Ngy o :

8 examples: tBu tBu

55-88%, 58-95% ee (CLB)

Scheme 8.47 CoSalen-chiral base cooperative catalyst system for asymmetric ring
opening fluorination of epoxides.

This methodology was extended to the enantioselective ring opening fluorination
of aziridines in 2013, typically proceeding with high yield and enantioselectivity to
the p-fluoro amide (Scheme 8.48) [103]. It was found that the 2-picolinamide pro-
tecting group played a crucial role in the reaction, as benzamide and 4-picolinamide
provided only the racemic product and no detectable product respectively. It was
rationalized that Lewis acid coordination by titanium served to activate the aziridine
toward nucleophilic attack.

The strategy extended beyond three-membered ring strained heterocycles. In
2012, the Lautens group published an enantioselective ring opening fluorination of
an oxabicyclic alkene (Scheme 8.49) [104]. In this report, Et;N-3HF was used as the
fluoride source and Rh(I)-Josiphos system catalyzed the transformation.
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Scheme 8.48 CoSalen-Ti(IV)-cocatalyzed asymmetric ring opening fluorination of
aziridines.
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Scheme 8.49 Rh-Josiphos-catalyzed asymmetric fluorination of oxabicyclic alkenes.

8.3.1.2 Allylic Functionalization

In 2006, Hintermann, Togni, and coworkers explored allylic substitution for
asymmetric fluorination, where evidence from stoichiometric organometallic
experiments revealed that many kinetic and thermodynamic problems exist with
the transformation [105]. In 2010, Doyle and coworker realized an enantiose-
lective palladium-catalyzed allylic substitution of racemic allyl chlorides with
silver fluoride. A variety of cyclic allylic chlorides were fluorinated in high yields
(56-85%) and high enantioselectivities (85-95% ee, Scheme 8.50a) [106]. Initial
mechanistic investigation of the reductive elimination of x-allyl Pd(II) complex
revealed the importance of silver as well as the chloride leaving group for reactivity,
implying that AgCl formation provided the thermodynamic driving force for the
reaction.

The Doyle group expanded this methodology to acyclic allylic chlorides using
similar reaction conditions (Scheme 8.50b) [107]. A variety of branched acyclic
allylic fluorides were synthesized in high yields (50-88%) and a range of enantiose-
lectivities (0-97% ee). While linear allylic chlorides were fluorinated in good yields
(66-84%), the enantioselectivities observed were not particularly high (21-71% ee).
A mechanistic analysis of the reaction implicated that the C—F bond forming step
occurs by nucleophilic attack of neutral Pd-allyl fluoride onto a cationic Pd-allyl
complex [108].
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Scheme 8.50 Palladium-catalyzed enantioselective fluorination of (a) cyclic and (b) acyclic
allylic chlorides.

In 2015, the Nguyen group published an asymmetric fluorination reaction of
racemic secondary allylic trichloroacetimidates catalyzed by a chiral-iridium
diene complex. In this report, a number of allylic trichloroacetimidates with
varying substitution patterns were fluorinated in high yield and enantioselectivity
(Scheme 8.51) [109]. A mechanistic study revealed the importance of trichloroace-
timidate leaving group and that the reaction is best described as a dynamic kinetic
asymmetric transformation, where n-allyl isomerization allows both enantiomers
of starting material to form the final product [110].

CCly IrCl(diene*), (2.5 mol%) F

RN MTBE, r.t., 0.5-3 h

|:|Ar

12 examples:

TEA-3HF (15 equiv) E
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Scheme 8.51 Iridium-catalyzed fluorination of allylic trichloroacetimidates.

8.3.2 Organocatalytic Nucleophilic Fluorination

In contrast to organocatalytic fluorination with electrophilic reagents, there are
very few examples of using fluoride and organocatalysis to confer enantioselectivity
in a reaction. This is primarily due to the limited ways of activating fluoride with
an organocatalyst. One of the first methods to do so was disclosed by Shibata and
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coworkers in 2014 with the use of hypervalent iodine chemistry (Scheme 8.52)
[111].

Ph J ,

Ph Ph Ph F H
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= mCPBA (1.3 equiv) N 1

46% HF aq. (10 equiv) Ts

- = 1) H |

O PhCH3, rt,3-24 h E '
0Ad OAd P Ak

Scheme 8.52 Chiral iodane-catalyzed fluorination.

In 2016, the Jacobsen group published an iodine(III)-catalyzed enantioselective
fluorocyclization of styrenal benzoates to fluoro-lactones (Scheme 8.53a) [112]. The
proposed mechanism begins with oxidation of the chiral aryl iodide to iodosyl arene
via mCPBA oxidation. After reaction with HF, the resulting chiral difluoro hyperva-
lent iodine(III) reagent undergoes an anti-fluoriodination with the alkene to yield an
alkyl iodine(III) species. The iodine(IIT) undergoes intramolecular Sy2-type substi-
tution by the pendant ester, reducing the catalyst back to the ArI species, and yield-
ing the product after loss of fluoromethane. Evidence for this mechanism is based off
the exclusive isolation of the syn-diastereomer of the product. This methodology was
later extended to the synthesis of aziridines via an asymmetric intramolecular fluo-
roamination reaction catalyzed by chiral iodine(III) reagents (Scheme 8.53b) [113].
A variety of miscellaneous substrate classes were also demonstrated to be competent
under the reaction conditions.

In 2018 the Gouverneur laboratory achieved the asymmetric fluorination of
B-bromo thioethers with CsF as the fluoride source, by utilizing a chiral urea
catalyst (Scheme 8.54) [114]. A computational investigation of the mechanism
suggested that autoionization of the thioether to form an episulfonium occurs first,
where the bromide interacts with the catalyst via hydrogen bonding. The bromide
then undergoes a salt metathesis with CsF, and the hydrogen bound fluoride
is then delivered enantioselectively, opening the episulfonium and forming the
product. A variety of racemic p-bromo thioethers were fluorinated in good yield
and enantioselectivity. In a follow-up study, this strategy was applied to p-chloro
amines via a similar approach [115].

8.4 Summary and Conclusions

Since the year 2000, a number of key strategies for the enantioselective incorpora-
tion of fluorine into organic molecules have been developed. Many of these strategies
focused on developing methods centered around the use of stable electrophilic fluo-
rine sources in conjunction with transition metal and organic catalysts. These strate-
gies typically feature easily activated substrates with low pKas to render the reactions
relatively mild. A challenge that has recently begun to be addressed is the application
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Scheme 8.53 Chiral aryl iodide-catalyzed enantioselective fluorocyclization of (a) styrenal
benzoates and (b) allylic amines with representative proposed mechanism.
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Scheme 8.54 Chiral urea-catalyzed phase transfer fluorination of 3-bromo thioethers.



276

8 Asymmetric Fluorination Reactions

of enantioselective electrophilic fluorination to relatively unactivated substrates via
CAPT, enamine, or transition metal catalysis. Additionally, while offering its own set
of challenges, nucleophilic fluorination strategies have begun to be developed, pro-
viding distinct advantages over electrophilic fluorination, such as atom economy,
avoiding harsh oxidants, and amenability to '3F.
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9.1 Introduction

The self-disproportionation of enantiomers (SDE) [1-4] is now a well-established
descriptor for a phenomenon that, apart from recrystallization, is nevertheless not
widely appreciated in all its guises. The acronym SDE refers to the disproportiona-
tion of enantiomers across resulting fractions whenever a physicochemical process
is applied to a scalemate (i.e. a non-racemic, enantioenriched sample). Processes for
which the SDE phenomenon has been observed include recrystallization, sublima-
tion, distillation, chromatography, and the application of a force field. The under-
lying basis of the SDE is the association of molecules [5-7] and the differentiation
between homo- and heterochiral associates with diastereomeric-type physicochem-
ical properties. Molecules containing particular functional groups, structural ele-
ments, or other moieties can have a propensity for exhibiting the SDE phenomenon,
especially to a high degree, thereby leading to the descriptor SDE-phoric [8] for such
entities, and fluorine is a prime example of an SDE-phoric substituent.

This chapter is not a review of all possible examples of fluorine-containing com-
pounds that have exhibited SDE manifestations; rather, selected cases are presented
to highlight the role that fluorine plays as an SDE-phoric structural element in
the processes giving rise to the SDE, i.e. the propensity of fluorine-containing
compounds to exhibit SDE more commonly and with an enhanced magnitude
in comparison to other compounds generally, and their non-fluorine-containing

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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counterparts in particular, and to provide insight into the processes and interactions
that are responsible for the SDE phenomenon. The role that fluorine plays is central
in many extreme cases of the SDE, particularly those involving sublimation and
distillation. Fluorine has many special properties, and the ones that seem to have the
most impact on the SDE are considered. Since organic chemists are well versed in
SDE via recrystallization (SDEVR), this aspect of the SDE will not be covered. Crys-
tallization though, could be a genuine source for homochirality, and Blackmond
[9-11] has provided persuasive arguments for this case. The necessity for workers
to routinely perform SDE tests to ensure the accuracy of the enantiomeric excess
(ee) of samples that are likely to be scalemic, e.g. those obtained from catalytic
asymmetric transpositions, is emphasized. Although the SDE represents a danger
in such work, it also represents unconventional means of enantiopurification. The
SDE phenomenon has been reviewed previously, generally [12, 13], on specific
processes, e.g. chromatography [14-17] and sublimation [18], and for SDE-phoric
structural types such as sulfoxides [19, 20], amides [19, 21], amino acids and their
derivatives [22], and fluorine-containing compounds [3, 4, 23, 24].

The propensity of molecules to associate in solution or to be organized in the solid
state permeates other aspects of their properties and behavior and is not limited
to the SDE phenomenon, for example, effects are also observed in spectroscopy.
Clearly, for measurements of crystalline material, spectra can differ depending
on whether enantiopure or racemic crystals are examined, and this has been
noted in the case of IR, Raman, solid-state NMR, etc. as well as obviously in
X-ray crystallography and powder diffraction. Indeed, it has long been known that
optical rotation measurements are concentration dependent due to the molecular
association - the well-known Horeau effect [25, 26]. These cases will not be exam-
ined here but one case that has particular relevance to SDE via chromatography
(SDEvVC) is the phenomenon of self-induced diastereomeric anisochronism (SIDA)
in solution-state NMR - another relatively unappreciated phenomenon - and will
therefore be included. The consequences of intermolecular association for chiral
molecules in scalemic samples are neatly summarized in Figure 9.1.

SDE via chromatography

(SDEVC)
SDE via phase transitions Intermolecular association, leading to the SDE via application
self-disproportionation of enantiomers (SDE) of a force field
- Recrystallization (SDEVR) :>
— Sublimation (SDEVS) and spectroscopic effects, e.g. Horeau effect, (SDEVFF)
- Distillation (SDEvD) self-induced diastereomeric anisochronism (SIDA)
SIDA in NMR

Figure 9.1 The consequences of intermolecular association for chiral molecules in
scalemic samples where the diastereomeric-type properties of such associations can
entirely determine the SDE or otherwise contribute significantly to it.



9.2 General Concepts and the Role of Fluorine in the Manifestation of the SDE

9.2 General Concepts and the Role of Fluorine in the
Manifestation of the SDE

In addition to the terms SDE and SDE-phoric, since the SDE occurs via numerous
processes, the terminology follows the form SDEVR when the process occurs via
recrystallization, and likewise an S refers to SDE via sublimation (SDEvS), a C refers
to SDEVC, a D refers to SDE via distillation (SDEvD), while FF refers to SDE via
force field (SDEVFF) as depicted in Figure 9.1. Other important definitions include
the SDE magnitude, defined [27] as

SDE magnltUde (Aee) = €Cfraction with the highest ee — €Ciraction with the lowest ee

The range of ees (the SDE range) over which the SDE appreciably occurs [with
respect to a nominated minimum level of enantiopurity of the fraction(s) containing
the enantiopure material and/or SDE yield (vide infra) and/or Aee] [13]:

SDE range (R..) = ee ee

sample with highest ee exhibiting SDE — “~“sample with lowest eeexhibiting SDE

It is worth noting that there is no theoretical limit to the SDE and it can be observed
even for scalemates of very low ee, even as low as 0.05% ee. The reason for defining
a range is simply for consideration of reasonable practical applications and also as
a means to further quantify the magnitude of the SDE for comparative purposes
among compounds or conditions.

The amount of enantiopure material that can be yielded by an SDE process is
dependent on the ee of the starting material and in theory the maximum amount
of enantiopure material obtainable by SDEvVC or SDEVFF is effectively very close to
the amount of excess enantiomer present, i.e. the ee [13]:

Maximum theoretical yield for SDEVC/FF (Y, svc/rr) &~ €€

Thus the practical SDE yield as a percentage can be expressed as the isolated amount
of the enantiopure material (with respect to a nominated minimum enantiopurity)
divided by Y, (converted to mass) and multiplied by 100 [13]:

SDEyield (Ygpg) = amount of the enantiopure material /(Y,,,, as mass) X 100

The quintessential basis for the SDE is the preference for homo- or heterochi-
ral states (associates) and the different physicochemical properties of these asso-
ciates, akin to diastereomers, to each other and to the single (free or unassociated)
molecules. Depending on the particular process concerned, the associates do not
need to extend infinitely as in crystal lattices and they may form exclusively either
dimeric associates or oligomers, either of fixed or variable order in the latter case.
Importantly, it is not necessarily a case of exclusively one over the other (homo- vs.
heterochiral) and often a dynamic equilibrium is in effect for some SDE processes,
usually also involving single molecules (Figure 9.2). In can immediately be seen,
though, that while the R,R and S,S homochiral associates remain enantiomeric with
respect to each other, the R,R and S,S homochiral associates in comparison with the
S,R heterochiral associate have a formally diastereomeric relationship and therefore
the former pair are separable from the latter under achiral conditions.
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Single (unassociated) molecules Dimers, oligomers, etc. associates

Figure 9.2 The dynamic equilibria of a chiral compound that forms homo- and
heterochiral associates will yield different distributions of the enantiomers between the
various associates depending on their concentrations and the values of K, and K .. The
formation of temporal associates during processes such as chromatography, and possibly
also during distillation and sublimation, may involve either dimeric or higher order
oligomeric associates of variable size.

The formation of temporal associates during processes such as chromatography,
and possibly also during distillation and sublimation, may involve either dimeric
or higher order oligomeric associates of variable size. Though it is often difficult to
discern the precise nature of the associates with respect to either or both structure
and size (and where precisely these associates may form or where their presence
has a determinate effect for multi-environment processes), it is the unequal distri-
bution of the enantiomers between the various associates - single molecules and
homo- and heterochiral associates — that give rise to the SDE in conjunction with
either thermodynamic and/or kinetic factors. Ultimately, it is the unequal contents
of the enantiomers in a scalemate that affect the result due to the equilibrium con-
stants involved, yielding different distributions among the associates. Since (1) single
molecules can obviously be separable from associates, (2) homo- and heterochiral
associates of the same order (dimeric, trimeric, etc.) can also be separated from each
other as they are diastereomeric and thereby have different physicochemical proper-
ties, and (3) oligomeric homo- and heterochiral associates of differing average order
can also be separated from each other as they are of differing average molecular
weights, the SDE can arise from either one or a combination of these processes. Sys-
tems where the material is present only as non-interacting single molecules cannot
give rise to the SDE in an achiral environment. Finally, it is important to point out
that the SDE phenomenon is not chirogenic, i.e. if the fractions resulting from the
applied physicochemical process were all recombined, the same mass and ee for the
sample would be conserved.

Fluorine is an element possessing many unique and peculiar properties [3], and as
a constituent of a molecule it imparts many unique attributes to the molecule. One
elemental property and three attributes that fluorine imparts to a molecule upon its
inclusion are of particular relevancy for the SDE phenomenon and are the reasons
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why fluorine has such an influential effect on the SDE. First is fluorine’s high elec-
tronegativity, leading to the enhancement of attractive intermolecular interactions,
particularly hydrogen bonds when possible or dipole-dipole interactions, and thus
the formation of associates (or a greater extent of associate formation). On the other
hand, there can also be strong repulsive electrostatic interactions between molecules
containing —~CF, or -COCF; moieties due to the resulting high electron densities
[28-31]. Repulsive electrostatic interactions can accentuate immensely the differ-
ences in energy between the homo- and heterochiral associates, thereby affecting
the SDE, and -CF, groups especially have been found to be SDE-phoric groups.
The inclusion of fluorine into a molecule can also lead to increased solubility for
the resulting compound in low-polarity solvents, thereby allowing the use of more
apolar eluents in SDEvC, resulting, in turn, in a greater Aee due to reduced compet-
ing analyte-solvent interactions based on either hydrogen bonds or dipole-dipole
interactions. Finally, the inclusion of fluorine in a molecule can impart consider-
able volatility to the resulting compound, which is pivotal for processes involving the
gaseous phase, viz. distillation and sublimation and it is telling that the two clear-cut
cases of SDEvD and many of the examples of SDEvS involve compounds contain-
ing fluorine. Interestingly though, thus far there have been no reports of SDE via
GC or of chiral-state dependencies in gaseous-phase spectroscopies such as MS for
fluorine-containing compounds.

Overall, due to the unique and peculiar properties of fluorine, the presence of flu-
orine or fluorinated substituents in the structure of a chiral compound can have a
profound effect on the magnitude of the SDE. The SDE is always present to some
degree for all scalemic samples, it should be noted, and fluorine simply lends itself
to amplifying the SDE by accentuating either attractive or repulsive intermolecular
interactions.

9.3 The SDE Phenomenon

9.3.1 SDE via Distillation

A most remarkable result is that of SDEvD. Thus far, only two clear-cut examples
of SDEvD have been reported, viz. for N-trifluoroacetyl valine methyl ester (1) [32]
and isopropyl (3,3,3-trifluoro)lactate (2) [33] (Figure 9.3), and it is telling that both
examples involve fluorine-containing molecules. While the SDEvD of 1 was not stud-
ied in detail, the more meticulous account for the SDEvD of 2 revealed differences in
bps between the racemate and scalemates with the largest difference being a remark-
able 50 °C for scalemates from 50% to 70% ee. Interestingly, the distillate of 2 could
either be enantioenriched or -depleted, indicating the SDEvD process to be quite
complex. For example, while a sample of 74.1% ee yielded a distillate of 81.7% ee, in
contrast, a sample of 40.2% ee yielded a distillate of 33.2% ee. In analogy to recrystal-
lization, a eutectic point (ep) can be declared based on the bps and the consequent
change in the distillate ee (at c. 60% ee for 2).

Strong intermolecular interactions must be present to explain the behavior of 2,
at least in the liquid state. Indeed, hydrogen bonding was found to be present by
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o iPr OH Figure 9.3 Structures of
)]\ /'\ ] N-trifluoroacetyl valine methyl ester (1)
FsC~ "N~ “CO,Me F3C™ "CO,iPr [32] and isopropyl (3,3,3-trifluoro)lactate
H (2) [33]. Sources: Koppenhoefer and
1 2 Trettin [32], Katagiri et al. [33].

IR [33] and also by low-angle X-ray diffraction [34, 35]. The strength of the hydro-
gen bonding and the extent of the hydrogen bonding network or repulsive properties
between the molecules, in particular between —~CF, groups [36, 37], are clearly accen-
tuated by the —CF; group as the non-fluorine-containing analog of 2 failed to exhibit
SDEvD [33]. However, if there was just an overwhelming bias toward either homo-
or heterochiral association, then it would be expected that at all times, the distillate
would be either enantioenriched or -depleted. Since this is not the case, either one
or other of the associations is strongly preferred but with sufficient dependence on
concentration, or the difference between the two types of association is not that dra-
matic, or the interactions are more complex than simple dimeric association (e.g.
long homochiral chains as evidenced in the solid state [34, 38] and perhaps also
in the liquid state [35]), and possibly also the process is compounded by gas-phase
intermolecular interactions that have been postulated but are unproved [33, 34]. IR
spectra of low (17%) and high (75%) ee samples of 2 seem to indicate that homochiral
associations are indeed strongly favored [33]. The strong preference for homochiral
interactions was shown not only in the solid state [34, 38] whereby it is difficult to
even obtain racemic crystals, but also by size-exclusion chromatography (SEC) [38]
(vide infra).

So far, SDEvD has defied definitive explanation, and causes have been ascribed
to both kinetics [32] and thermodynamics [16, 35], though both are likely to
contribute. Moreover, SDEvD may only be possible if molecules form at least homo-
and/or heterochiral dimeric associates in the gaseous phase to effect differenti-
ation, though SIDA was not observed for 2 in the gas phase (Klika and Alvarez,
unpublished results). SDEvD is a truly astonishing phenomenon, and though Aee
is sizeable for 2, SDEvD is unlikely to be a method put into common practice for
enantiopurification purposes. SDEvD is also unlikely to be a cause for concern in
terms of unintentionally altering the ee of a sample given that SDEvD is likely to
be only a very rare event. Not only is volatility a necessity for SDEvD - something
that fluorine is able to impart to a molecule upon its inclusion - but it is also
likely that strong intermolecular interactions are required, again, an attribute that
fluorine can also impart to a molecule upon its inclusion since it is notable that the
non-fluorine-containing analog of 2 did not exhibit SDEvD.

9.3.2 SDE via Sublimation

Sublimation bears many similarities to crystallization (as the compound is in a fluid
phase and forms crystals directly from the fluid phase), but there are also some
stark differences since two solid phases are involved - the starting material and
the sublimed material in the solid — gas — solid phase transitions. Sublimation is
actually a more complex process compared with recrystallization in practice as it
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Figure 9.4 Structures of compounds 2 [42], 3 [43], 4 [44], and 5 [45] that have exhibited
SDEVS. Sources: Yasumoto et al. [42, 44, 45], Soloshonok et al. [43].

cannot normally be conducted under equilibrium conditions for practical purifica-
tion purposes and is thus conducted under primarily kinetic conditions [10]. The
makeup of the sample to be sublimed is crucial in terms of whether a mechanical
mixture consisting of either R and S enantiopure crystals or enantiopure and racemic
crystals is used regarding the progress of the sublimation in terms of enantiopurifi-
cation. Some of the seemingly irreconcilable differences in the literature were simply
down to this [10]. One of the working rationales for the SDEvVS, with the initial step
being a solid — gas phase transition, is that due to the differences in the crystal-
lographic lattice structures of racemic and enantiopure crystals, sublimation rates
differ between racemic and enantiopure crystals, similar to the differences seen for
other phase transitions such as melting and dissolution. Like crystallization, Black-
mond and others [10, 39-41] have also proposed that sublimation, too, could be a
possible origin for homochirality. Since for sublimation there is an obvious need for
compound volatility, it is unsurprising that there is a disproportionate representation
of fluorine-containing compounds exhibiting SDEVS.

Depicted in Figure 9.4 are some fluorine-containing compounds 2 [42], 3 [43], 4
[44], and 5 [45] that have exhibited SDEvS, while listed in Table 9.1 are the sublima-
tion results conducted on these compounds. What is immediately apparent is how
simple and efficient the process can be for these compounds. As a matter of fact, for
some examinations, sublimation apparatuses were not even required due to suffi-
cient volatilities of the compounds (and also the need not to collect the sublimate).
Theoretical investigations [46, 47] and practical examinations [48] of the SDEvS of
3 have been conducted.

Self-disproportionation of enantiomers via sublimation can obviously be a very
viable means to effect enantiopurification of a scalemate - if the compound is suffi-
ciently volatile and thermally stable of course. In fact, fluorine could deliberately be
judiciously incorporated into a molecule to enhance the volatility of the molecule,
and this tactic has been successfully demonstrated using (hexafluoro)pivalic acid as
a sublimation enabling tag [49] for the enantiopurification of an amine by SDEvVS
under ambient conditions followed by removal of the (hexafluoro)pivaloyl group
to regenerate the amine. Indeed, SDEvVS can be so proficient that there is even a
danger of altering the ee of a scalemate during rotary evaporation [50, 51], an every-
day occurrence in organic laboratories of course. The problems extend to the stor-
age of such samples whereby the homogeneity of the sample can be compromised
within the container [52]. The dangers are thus clear and omnipresent and workers
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Table 9.1 SDEVS results for compounds and 2 [42], 3 [43], 4 [44], and 5 [45].

Change in sublimate

Starting or ee of Remainder
Compound Conditions ee (%) sublimate? ee (%) References
(S)-2 Ambient, open air, 0.92h 21 Enantiodepleted >99.9 [42]
(S)-2 Ambient, open air, 1h 37 Enantiodepleted >99.9 [42]
(S)-2 Ambient, open air, 0.75h 59 Enantiodepleted >99.9 [42]
(S)-2 Ambient, open air, 0.25h 79  Enantiodepleted >99.9 [42]
(S)-3 60°C, 3h 76 48% 80 [43]
(S)-3 Ambient, open air, 57 h 80 Racemic >99.9 [43]
(S)-4a 80°C, 56h 88 Enantiodepleted 97 [44]
(S)-4b rt 70 Enantiodepleted 98 [44]
(S)-4b rt,27h 82 Enantiodepleted >99 [44]
(S)-4c 80°C,23h 77 Enantiodepleted >99 [44]
(S)-4d 60°C 79 Enantiodepleted 73 [44]
(S)-5a 80°C,12h 87 Enantiodepleted 96 [45]
(S)-5a 80°C,15.5h 67 Enantioenriched 18 [45]
(S)-5b 50°C,131h 67 Enantioenriched 27 [45]

a) Enantioenrichment/-depletion assumed if the sublimate was not collected.
Source: Yasumoto et al. [42, 44, 45], Soloshonok et al. [43].

should take due care when dealing with scalemic samples of volatile, crystalline
compounds.

9.3.3 SDE via Chromatography

Self-disproportionation of enantiomers via chromatography is a very complex
process. During chromatographic development, there are various environments to
which the analytes are exposed such as the interstitial voids with an environment
akin to the solution state, within the stationary-phase pores where the polarity of the
environment is opposite to the eluent, and the environment of the stationary-phase
adsorbent surface, which can drastically alter the associate preference [53]. Each
of these environments can affect the position of the equilibrium and the associate
preference and thus influence the progress of the chromatography. So sensitive is
SDEvVC to any altered position of the equilibrium and, particularly, the associate
preference that even a seemingly inconsequential change in the eluent [54-56]
or stationary phase [8, 57] can lead to a reversal of the elution order between the
excess enantiomer and the racemic portions. The SDEvC phenomenon has been the
subject of theoretical analyses [5, 58-62] and the key points of these treatments are
as follows: (1) complete separation of the excess enantiomer and racemic portions
is not possible; (2) while the second-eluting component will, theoretically, always
be contaminated with the first-eluting component irrespective of how much the
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chromatography is extended and how late the fractions are collected, the content of
the first-eluting component can nevertheless drop to negligible levels in practice;
and (3) it is possible, however, to obtain initial fractions containing the first-eluting
component completely free of the second-eluting component [13].

Self-disproportionation of enantiomers via chromatography has been observed in
many forms of chromatography, e.g. HPLC, MPLC, flash, gravity-driven column, and
SEC, with numerous examples having been reported thus far [3, 4, 12-17, 19-24],
again with fluorine-containing compounds prominent among the reports. Notably,
some of the largest Aees, SDE yields, and best separations of the enantiomeric
and racemic portions have been obtained for fluorine-containing compounds. In
Sections 9.3.3.1-9.3.3.3, selected examples of fluorine-containing compounds that
have exhibited SDEvC have been allotted to categories depending on whether they
possess a -CF;, a C,-F, ), or a -COCF; moiety. Where quantification of the SDEvC
has been reported, selected values have been tabulated.

9.3.3.1 SDEvC for Compounds Containing a -CF; Moiety
Structures of compounds containing a -CF,; moiety that have exhibited SDEvC are
depicted in Figure 9.5 with selected results presented in Table 9.2.

It is interesting to note that while isopropyl (3,3,3-trifluoro)lactate (2) only exhib-
ited [38] a very low Aee by normal-phase column chromatography, due to the exces-
sively strong preference for homochiral associates, it exhibited an extremely high
Aee by SEC. It is also notable that neither of the non-fluorinated analogs of 6a and
6c exhibited SDEvVC when tested [2], thus clearly revealing the definitive role a -CF,
moiety plays in promoting SDEvC. What is most remarkable, though, is the ability of
SDEvVC to furnish enantiopure fractions when the conditions are optimal, and even
to provide high SDE yields.

OH O CFg FsC,, OH F3Co.,.
P8 ON R
FoC” “COiPr b
R=Ph (a
NO, CHZCOZEt
2 6
SEC Gravity HPLC, gravity Gravny
CF.
HO, ¢ 2
i R}<CF3 HO, O /O'\H/R Q °
©)J\H COEL e >co,Bn FoC N R
R =NHBn (a), NMe, (b), NEt2 (c),
R = n-But (a), n-Oct (b) NH, (d), N(CH,)s (e), OEt (f) R =OMe (a), H (b) R
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Figure 9.5 Structures of CF;-containing compounds 2 [38], 6 [2, 63],7 [2, 64], 8 [2],9 [2],
10 [2], 11 [65], and 12 [66] that have exhibited SDEvC by achiral chromatography. Source:
Acena et al. [38], Soloshonok [2], Soloshonok and Berbasov [63], Sorochinsky et al. [65],
Ogawa et al. [66], Matusch and Coors [64].
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Table 9.2 Selected SDEVC results for CF;-containing compounds 2 [38], 6 [2, 63], 11 [65],
and 12 [66] examined by chromatography using silica gel.?)

First Last fractiond
Starting fraction ee (%)
Compound Conditions; eluent ee (%) ee(%) (Yope, %) References
(S)-2 SEC, polystyrene gel; CHCI, 75 99.9 ~Racemic [38]
(S)-6a Gravity; n-hex/EtOAc (5: 1) 66.6 59.9 78.8 [2]
(S)-6b Gravity; n-hex/EtOAc (5: 1) 66.6 58.4 99.9 [2]
(S)-6¢ Gravity; n-hex/EtOAc (5: 1) 66.6 8.1 >99.9 [2]
(R)-6¢ Gravity; n-hex/EtOAc (5: 1) 66.6 8.1 >99.9 [63]
(R)-6¢ Gravity; n-hex/EtOAc (5: 1) 95.0 88.3 >99.9 [63]
(S)-11a Flash; c-hex/C H,/t-Bu,O 75 51 >99 (35) [65]
(1:1:0.1)
(S)-11b Flash; c-hex/C H,/t-Bu,O 75 31 >99 (39) [65]
(1:1:0.1)
(S)-11c Flash; c-hex/C H,/t-Bu,O 75 33 >99 (41) [65]
(1:1:0.1)
(S)-11d Flash; c-hex/C H,/t-Bu,O 75 28 >99 (44) [65]
(1:1:0.1)
(S)-11e Flash; c-hex/C H,/t-Bu,O 75 30 >99 (40) [65]
(1:1:0.1)
(S)-11f Flash; c-hex/C H,/t-Bu,O 75 21 >99 (53) [65]
(1:1:0.1)
12a Gravity; Et,O 52.1 99.9 33.0 [66]
12a Flash; Et,0 52.0 99.9 28.3 [66]
12b Flash; Et,0 37.5 82.3 26.1 [66]

a) Unless stated otherwise.
Source: Acena et al. [38], Soloshonok [2], Soloshonok and Berbasov [63], Sorochinsky et al. [65],
Ogawa et al. [66].

9.3.3.2 SDEVC for Compounds Containing a C,-F, , Moiety
Structures of compounds containing a C,-F, , moiety that have exhibited SDEvC
are depicted in Figure 9.6 with selected results presented in Table 9.3.

It is worth noting that for this set of compounds, the Aees, while still signifi-
cant, are much smaller generally in comparison to the CF;-containing compounds.
Interestingly, the 3’-fluorinated analog 13a of thalidomide (13b) exhibited a reversed
order of elution with the racemic portion eluting first in comparison with thalido-
mide (13b) [67]. In fact, thalidomide (13b) performed better than its 3’-fluorinated
analog 13a. The incorporation of fluorine into a molecule likely alters the relative
stabilities of the homo- and heterochiral associates, perhaps so much so that the
association preference can even be inverted, thus potentially leading to a reversed
order of elution. However, in the case of 13a and 13b, the incorporation of fluo-
rine into the 3’ position of thalidomide (13b) considerably alters the conformation
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Figure 9.6 Structures of C,-F, ,-containing compounds 13 [67], 14 [68], 15 [69], 16 [70],
17 [57], 18 [56], 19 [56], and 20 [56] that have exhibited SDEvC by gravity-driven achiral
column chromatography (unless otherwise indicated). Sources: Maeno et al. [67, 68], Zheng
and You [69], Reyes-Rangel et al. [70], Kwiatkowska et al. [56], Wzorek et al. [57].

of the molecule [67] and hence a valid comparison cannot be made in this case
regarding solely the electronic effects of fluorine on the stability of the associates.
The starting ees for the SDE using column and flash chromatography of thalido-
mide (13b) are comparable and provide an evaluation of the column and flash chro-
matographic methods, and reveal the positive effect of improved chromatographic
efficiency for the SDEvVC [71] for the latter method with Aees of 53.5% and 65%,
respectively. Compound 17b also provided excellent results, though it was compa-
rable to its non-fluorinated analog 17a [57]. In this case, the fluorine is located far
from the expected site of intermolecular interaction and thus it is unsurprising that
there is little difference between the two compounds. More examples of SDEvC for
C4—F-containing compounds are presented further on in Section 9.5 as examples of
how the SDEvVC has the potential to hamper correct reporting of ees if workers are
unaware of the phenomenon.

9.3.3.3 SDEvC for Compounds Containing a -COCF; Moiety
Structures of compounds containing a -COCF; moiety that have exhibited SDEvC
are depicted in Figure 9.7 with selected results presented in Table 9.4.

Also for COCF;-containing compounds, the Aees, while still significant, are
generally much smaller in comparison to the CF,-containing compounds. This is
unsurprising as the electronegativity of fluorine can reduce the hydrogen bonding
capability of the carbonyl oxygen, with hydrogen bonding as one of the main inter-
molecular interactions giving rise to the SDE. There are, however, some surprising
results. For instance, the series of 22 [27, 54] using column chromatography is
most interesting, since while the non-fluorinated N-acetyl 1-phenylethylamine
(22b) exhibits a strong SDEvC with a Aee of 54.5%, the three perfluorinated R
derivatives - trifluoromethyl (22a), pentafluoroethyl (22d), and heptafluoropropyl
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Table 9.3  Selected SDEvC results for C,-F, ,-containing compounds 13 [67], 14 [68], 15
[69],16 [70],17 [57], 18 [56], 19 [56], and 20 [56] examined by gravity-driven column
chromatography? using silica gel.?)

First Last
Starting fraction fraction
Compound Conditions; eluent ee (%) ee (%) (Ygpe, %) ee (%) References
(R)-13a  n-Hex/EtOAcP® 34.2 30.0 70.6 [67]
(R)-13a  Flash® n-hex/EtOAc® 27.3 9.4 50.4 [67]
(R)-13a  Aluminum oxide; n-hex/EtOAc® 37.2 27.4 38.6 [67]
(R)-13a Mesoporous silica; n-hex/EtOAc® 34.2 32.2 56.1 [67]
(S-13b  n-Hex/EtOAcP® 35.5 80.9 27.4 [67]
(S)-13b Flash; n-hex/EtOAc® 36.2 80.0 15.0 [67]
(S)-13b Aluminum oxide; n-hex/EtOAc® 31.1 34.5 21.6 [67]
(S)-13b Mesoporous silica; n-hex/EtOAc® 35.5 86.9 20.7 [67]
14 n-Hex/EtOAc (1: 4) 44.0 72.0 29.0 [68]
(aS)-15 Petroleum ether/EtOAc (10:1) 77 99 4 [69]
(1R,25)-16 n-Hex/EtOAc (4:1) 82 86 80 [70]
(1R,25)-16 CH,CL, 82 84 82 [70]
(R)-17a  c-Hex/MTBE (1:2) 79.8 >99.9(37.1) 36.6 [57]
(R)-17b  c-Hex/MTBE (1:2) 69.4 >99.9(21.7) 33.2 [57]
(S)-18b  c-Hex/EtOAc (1 :8) 64.2 96.0 41.4 [56]
(S)-19b MTBE 65.4 86.9 52.4 [56]
(S)-20b  c-Hex/EtOAc (1:8) 66.2 81.8 59.2 [56]

a) Unless stated otherwise.

b) Silica gel wetted with 10% wt/wt with water.

¢) Eluent ratio not given.

Source: Maeno et al. [67, 68], Zheng and You [69], Reyes-Rangel et al. [70], Kwiatkowska et al.
[56], Wzorek et al. [57].
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Figure 9.7 Structures of COCF;-containing compounds 21 [72], 22 [27, 54, 55], and 23
[73] that have exhibited SDEvC by achiral chromatography. Source: Charles and Gil-Av [72],
Wzorek et al. [27, 54], Nakamura et al. [55], Hosaka et al. [73].



9.3 The SDE Phenomenon

Table 9.4 Selected SDEVC results for COCF;-containing compounds 21 [72], 22 [27, 54],
and 23 [73] examined by gravity-driven column chromatography using silica gel.

Starting  First fraction Last fraction
Compound Conditions; eluent ee (%) ee (%) (Yspp, %) €€ (%) References
(S,5)-21a  n-Hex/EtOAc(19:1)®  67.0 88.0 12.5 [72]
(S)-21b n-Hex/EtOAc (9:1)®  70.7 86.5 25.0 [72]
(R)-22a c-Hex/MTBE (10 : 1) 63.2 46.6 67.6 [54]
(R)-22b c-Hex/MTBE (1 : 2) 70.0 99.9 (3.6) 45.4 [27]
(R)-22¢ c-Hex/MTBE (20 : 1) 65.0 61.0 72.0 [54]
(R)-22d c-Hex/MTBE (20 : 1) 68.2 45.2 95.2 [54]
(R)-22e c-Hex/MTBE (2 : 1) 62.4 67.2 57.4 [54]
(R)-22f c-Hex/MTBE (4: 1) 64.9 68.6 60.6 [54]
23a n-Hex/MTBE (10 : 1) 73.0 71.0 74.0 [73]
23b n-Hex/MTBE (1 : 2) 75.2 92.0 68.4 [73]
23c n-Hex/MTBE (5 : 2) 65.6 67.0 58.4 [73]
23d n-Hex/MTBE (4 : 1) 70.5 74.6 64.6 [73]

a) Silica gel wetted with 6% wt/wt with water.
Source: Charles and Gil-Av [72], Wzorek et al. [27, 54], Hosaka et al. [73].

(22¢) - all show a reversed order of elution with Aees of —21.0%, —50.0%, and
—11.0%, respectively. The monofluoro (22e) and difluoro (22f) analogs of 22b
retain the same order of elution as 22b, but with reduced Aees of 9.8% and 8.0%,
respectively, and are thus intermediate along the changeover to 22a and reveal
a clear, continuous trend. A very similar trend was also observed [73] for the
series 23 (Aees of 23.6%, 8.6%, 10.0%, and —3.1% for CH; to CF;, respectively).
The same reduction in Aee was also observed [55] for 22a in comparison with 22b
when using MPLC, 23% and 71%, respectively, though the elution order did not
reverse under the applied conditions where n-hex/EtOAc was used as the eluent.
Thus, when fluorine is present in a molecule, it not only has the ability to greatly
accentuate SDE effects, it can also mitigate any SDE effects present to a high degree
in the protiated analog by creating opposing influences, even nullifying the effects
altogether in some cases. In this example, the dramatic change between 22a and
22b, a reversal in elution order nonetheless, is duly reflected in the NMR by SIDA
(vide infra).

As can be seen from the aforementioned results, the SDEvC can be an effective
means of enantiopurification when the conditions are right - typically an R; of 0.2
using a solvent system that will not interfere with the likely intermolecular inter-
action is considered a good starting point [2, 8, 27, 54, 56, 57, 63, 73-76], e.g. pro-
tic solvents and carbonyl solvents such as acetone are not recommended for inter-
molecular interactions based on hydrogen bonding or dipole-dipole interactions,
respectively.
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9.4 The SIDA Phenomenon

Another chiral phenomenon very much related to SDE is SIDA in solution-state
NMR. The basis of the SIDA phenomenon is that with association, molecules in
solution can be present either as single molecules (SM), in homochiral associates
(HOM), or in heterochiral associates (HET). For a dynamic equilibrium that is fast
on the NMR timescale, the resulting observed chemical shift (5,,,) of a nucleus is
the population-weighted (based on mole fraction, x) average of the & values of these
three states [6, 77]:

Bobs = Xsm * Osm + Xrowm * Smom + Xuer * Suer

The result is that the & values of an enantiopure sample will not necessarily match
those of a racemic sample even under identical conditions and the & values can be
very concentration, solvent, and temperature dependent [77]. Moreover, a scalemic
sample can potentially have distinct NMR signals for some nuclei for the two enan-
tiomers present since the mole fractions of each enantiomer within each state will
not necessarily be the same. When distinct signals are present, integration of the
signals provides the ee of the sample directly without any chiral induction such
as the addition of a chiral selector (CS). In other words, the enantiopurity (% ee)
of a sample can be determined simply by routine, achiral NMR without recourse
to such techniques as chiral shift reagents or HPLC using chiral stationary phases.
The SIDA phenomenon has recently been well reviewed and explained [77]. The
phenomenon is illustrated schematically in Figure 9.8 for a hypothetical scalemic
sample.

Here again, fluorine is able to play a central role in the manifestation of the
phenomenon by enhancing the formation of intermolecular interactions (notably
via hydrogen bonds) or by accentuating the difference in stability between the
homo- and heterochiral associates (hence accentuating the difference in the &
values). Surprisingly though, there are only four literature reports of SIDA involving
fluorine-containing compounds. In the case of the pharmaceutical intermediate 24
[78] (Figure 9.9), the fluorine may not be playing a key role in the process given
its distal position from the likely points of intermolecular interaction. A key role
for fluorine in the process, however, is more likely in the 2’-amino analog of the
cruciferous phytoalexin spirobrassinin 25 where signal separation was particularly
good in both the 'H and 3C NMR spectra for several signals [79]. Interestingly,
in the case of 1-phenyl-2,2,2-trifluoroethanol (8) [6], signal separation was not
observed though some signals were noted to be shifted in a comparison between
the enantiopure and racemic solutions. A series of scalemic solutions at the same
concentrations as the enantiopure and racemic solutions revealed a progression
from the § for the enantiopure solution to the & for the racemic solution for these
signals. This behavior of migrating signals without splitting across an enantiomeric
titration [6, 80] has been termed atypical SIDA (aSIDA) [6].

Other examples of SIDA involving fluorine-containing compounds include the
synthetic intermediate 26 [81] and the drug candidate 27 [81] (Figure 9.10) where
the concentration dependency of the & values for the methyl signals was found to be



Contribution to the signal ~ Contribution to the signal Contribution to the signal Net signal due
by single molecules by homochiral associates by heterochiral associates to all species

) End result for a
Major + scalemic sample,
(2 : 1 ratio, ee = 33%)

enantiomer, R

M ~ 1.85 ppm
2.0 ppm 1.4 ppm 1.2 ppm
N e 1.75 ppm

Minor
enantiomer, S + *
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Figure 9.8 Hypothetical spectra for a scalemic sample (ratio of enantiomers 2 : 1, ee = 33%) where the resultant spectrum shows distinct signals for a
particular nucleus. The signal intensities have been adjusted with respect to the mole fraction of each species for each enantiomer present within that
species and the relative concentrations of the enantiomers with respect to each other. In the final spectrum showing the end compilation, each peak is
representative of one enantiomer and the integration of the signals yields the ee of the sample directly.
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Figure 9.9 Structures of 1-phenyl-2,2,2-trifluoroethanol (8) [6], 24 [78], and 25 [79].
Source: Nieminen et al. [6], Navratilova and Potacek [78], Budovska et al. [79].
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Figure 9.10 Structures of the synthetic intermediate 26 [81] and the drug candidate 27
[81]. Source: Baumann et al. [81].

particularly strong, leading to confusion among the workers regarding the veracity
and structure of the enantiomer pairs that had been synthesized.

As stated above, when fluorine is present in a molecule, it not only has the ability
to greatly accentuate the effects of these chiral phenomena (both SDE and SIDA),
it can also mitigate any effects present to a high degree in the protiated analog by
creating opposing influences, even nullifying the effects altogether in some cases.
For example, while N-acetyl 1-phenylethylamine (22b) showed strong SIDA effects
for the H-2 methyl signal, the effect was much reduced in its trifluoro analog 22a
(Figure 9.11) (Klika, Alvarez, Wzorek, and Soloshonok, unpublished results). The
reduction in the separation of the signals could arise from either a significant shift
in the equilibria back toward single molecules, a change (most likely a reduction)
in the preference between the homo- and heterochiral associates, and/or relative
changes in the & values of the various solution-state species.

The relevance of SIDA to the SDE is that it can be a practical and accessible test
for possible susceptibility to a high magnitude of the SDE, particularly for SDEvC
[6], as well as providing an indication of the preferred solution-state association by
means of an enantiomeric titration [6, 80] using NMR or by other NMR methods
such as diffusion, T,, or T, measurements, for example. Unfortunately, in addition
to providing a readily accessible means to measure the ee supremely easily, SIDA
can also cause considerable problems with regard to confusion, misidentification,
and incorrect evaluation of purity if workers are unaware of the phenomenon.

9.5 Conclusions and Recommendations

It is apparent that the SDE represents a danger regarding alteration of the ee of a
sample for any work involving scalemates if due care is not undertaken, particularly



9.5 Conclusions and Recommendations
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Figure 9.11 The *H NMR spectra of N-acetyl 1-phenylethylamine (22b, top trace) and its
trifluoro analog 22a (bottom trace) for the region containing the H-2 methyl signal. Note the
strongly reduced SIDA effect for 22a. The solutions are of the same analyte concentration in
CDCl;. Source: Based on Klika, Alvarez, Wzorek, and Soloshonok, unpublished results.

for compounds that tend to show a propensity for exhibiting the SDE, such as
fluorine-containing compounds as has been amply demonstrated here. This is
especially true for compounds containing a -CF; group as it is a particularly
effective SDE-phoric group and due caution should be applied when dealing with
scalemic samples of molecules containing this moiety. Incongruously, while all
workers would be aghast if the ee of a product following recrystallization was
reported as representing the direct result of an asymmetric transformation - acutely
aware that such a process could well result in alteration of the ee - many workers
are seemingly oblivious to the possibility that alteration of the ee of a sample can
also occur as a result of routine gravity-driven column chromatography if due care
is not taken to avoid fractionation of the eluting product material. It cannot be
emphasized enough that the dangers of alteration of the ee are present whenever
any physicochemical process is applied to a sample and the material of interest
is fractionated. Thus, routine testing for occurrences of the SDE [82] must be
considered an obligatory practice to follow when undertaking the purification of a
sample if measurement of the ee is to be made afterwards to correctly assess the true
outcome of an asymmetric transformation. Ideally, measurement of the ee should
be made prior to any application of a physicochemical process for purification
purposes, especially if fractionation of the portion containing the compound in
question is made. Fortunately, some groups are now adopting the practice of routine
testing for occurrences of the SDE [83]. For example, compounds 28a [84], 28b [85],
28c [86], 29 [86], 30 [86], and 31 [87] (Figure 9.12) - where the SDE might not be
expected to be so strong due to the presence of only a single fluorine atom - were
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R =n-Pr (a), Ph (b),
p-Br-CgH, (c)

28

Figure 9.12  Structures of compounds 28 [84-86], 29 [86], 30 [86], and 31 [87]. Sources:
Zhang et al. [84, 86], Xie et al. [85], Zhu et al. [87].

R? Figure 9.13 Structures of

R1
5 B 5 compounds 32 [88] and 33 [88].
R N R Source: Reprinted with permission
s N=Boc  from Fustero et al. [88]. Copright
R \ - 2013, American Chemical Society.

R'= CF3, CF,CFgs, CHF,, CH,F
R2=H, F, CF3, OMe, OCH,0
RS = alkyl, aryl

32 33

all tested for the SDE both via sublimation and chromatography. For compounds
28-30, the SDEVS tests proved negative while for 31 a small (Aee = 2%) effect
only was found. For the SDEvVC tests, only for 28a was a negative result found
while for compounds 28b,c-31 Aees of up to 11% were found, thereby clearly
showing the worth of conducting SDE tests. However, it seems that the practice of
routine testing for occurrences of the SDE is yet to be widely adopted. Interestingly,
the SDE can cause confusion for workers, either mistaking the change in ee as
a racemization of the sample or simply not understanding the SDE process, i.e.
chirality is neither created nor lost during the process [13]. For example, the change
in ee for the compounds 32 and 33 (Figure 9.13) was attributed [88] to “parcial (sic)
racemization of compounds 32 and 33 was observed probably due to an enantiomer
self-disproportionation effect on achiral silica gel”, despite both compounds 32 and
33 appearing to be configurationally stable.

Looking for SIDA effects can also be a practical and accessible test for the possible
potential for SDEvC by demonstrating the occurrence of intermolecular association
in solution while more specific testing for SDE via column chromatography can
be accomplished by TLC examinations. Indeed, it seems that not enough use has
been made of such tactics and it is highly recommended for workers to do so. On
the other hand, the SDE, particularly SDEvC and SDEVS, represents an additional,
unconventional means of enantiopurification to add to the available repertoire of
enantiopurification methods, particularly on a macro scale. Indeed, as stated ear-
lier, fluorine could deliberately be judiciously incorporated into a molecule to effect
enantiopurification by the SDE, and this tactic has been successfully demonstrated
using (hexafluoro)pivalic acid as a sublimation enabling tag [49] for the enantiop-
urification of an amine by sublimation under ambient conditions. Similarly, the
concept of pseudo-SDE (CS-assisted SDE resolution of racemates) has also been
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successfully demonstrated [89, 90]. The process mimics true SDEvC but uses a CS
to effect enantiodifferentiation instead of the excess enantiomer by having a closely
eluting, structurally similar CS to the substrate. In addition, pseudo-SDE can pro-
vide an indication of the elution order between dimeric associates and monomers as
well as the preference between homo- and heterochiral associates.

In summary, due to the unique and peculiar properties of fluorine, the presence
of fluorine or fluorinated substituents in the structure of a chiral compound can
have profound effects on the magnitude of the SDE by accentuating intermolecu-
lar interactions or by altering the homo-/heterochiral associate preference. Though
fluorine can greatly accentuate the SDE, it can also, conversely, diminish the SDE
when it is already present to a high degree in the protiated analog, to the point of
nullifying the SDE altogether in some cases or even reversing the effect (e.g. elu-
tion order reversal in SDEvC). The SDE is always present to some degree for all
scalemic samples, it should be noted, and fluorine simply lends itself to amplify-
ing the SDE, by enhancing either attractive or repulsive intermolecular interactions.
The potential consequences of ignoring the SDE phenomenon are significant errors
in reporting the stereochemical outcome of catalytic asymmetric transformations
in terms of the enantiomeric composition of the catalysts and products as well as
peculiarities in the properties of chiral pharmaceuticals. Since there are a rapidly
growing number of fluorine-containing drugs on the pharmaceutical market [91-
95], the necessity for regulations with a clear understanding of the SDE properties
for the safe handling, production, processing, storage, and medical applications of
fluorine-containing drugs is paramount. While the many unique properties that flu-
orine can impart to a molecule upon its incorporation are widely appreciated by
many workers, the prevalence of fluorine-containing compounds among the set of
compounds that exhibit extreme SDE behavior is much less appreciated. But how
wondrous it is that enantiopurification of a sample can be effected by simple, rou-
tine distillation, a truly remarkable result and a direct consequence of the special
properties of fluorine!
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10.1 Introduction

The increasing importance of organofluorine compounds in the fields of medicinal,
agricultural, and materials science has spurred enormous efforts in the development
of new catalytic methods for their synthesis [1, 2]. The catalytic synthesis of fluori-
nated compounds, however, is far from trivial and represents a challenging research
area in organic synthetic chemistry because the rules that govern the synthesis of
non-fluorinated analogs cannot be transposed to fluorinated compounds [3]. Con-
sequently, most catalytic methods for fluorine incorporation have been discovered
through serendipity or trial-and-error practices, rather than by rational design. In
this regard, a molecular-level understanding of these processes is beneficial for fur-
ther advances in the field.

With the exponential growth of computing power and the rapid development
of more accurate methods and efficient algorithms, computational chemistry has
become an invaluable tool for the deduction and exploration of the origins of
catalysis and selectivity [4-8]. Quantum mechanical modeling methodologies,
particularly the density functional theory (DFT) methods, can now be applied to
the real chemical systems that are studied by experimentalists, allowing one to gain
insights into the mechanisms of catalytic processes where the active catalytic species
or intermediates have been challenging or impractical to study via experimental
means.

Over the past years, much of the mechanistic understanding of catalytic fluori-
nation reactions has arisen from computational investigations or studies combining
both experimental and computational explorations. Computations have also led to
the establishment of cation and radical donor ability scales of electrophilic fluo-
rinating and fluoroalkylating reagents as well as the detailed structure-reactivity
relationships [9-16]. These results have served chemists in the rational design, opti-
mization, and prediction of novel reagents and new reactions. For the sake of space,
in this chapter, we chose not to include computational studies on thermodynamic

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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parameters of fluorinating reagents [9]. Instead, we focus on recent computational
mechanistic studies of selected catalytic fluorination reactions, highlighting signif-
icant new concepts and insights obtained from these studies. We will also refrain
from describing the details of various computational methods, which have already
appeared in some excellent and comprehensive reviews [17-20].

10.2 DFT Modeling of Transition Metal-Catalyzed
Fluorination Reactions

10.2.1 Ti-Catalyzed Fluorination Reaction

The first transition metal-catalyzed enantioselective fluorination was achieved by
the Togni group in 2000 [21]. The a-fluorination of p-ketoesters with Selectfluor in
the presence of 5mol% of TiCl,(TADDOLato) (1 or 2) catalyst afforded the desired
products in high yields with good enantioselectivity (Figure 10.1a). In collaboration
with the Rothlisberger group, they subsequently carried out a combined QM/MM
computational and experimental study to gain deeper mechanistic understanding
[23]. It was assumed that the p-ketoester coordinates with the catalyst as an enolate

(a) ﬁ\\‘ —Cl
InT
O O F " 2BFf O O el L
F{‘MOR? Selectfluor R‘JS,/)J\ORZ MQCN,il\NCMe MeO:-ltiiOMe
Me (R)-1 or (R)-2 (5 mol%) F Me Np = 1-naphthyl ¢
MeCN, r.t. .
Up to 90% ee (R)-1 (R)-2
(b) +
R ] R’
MY%O Enolization MY\O Fluormatlon :6\
—H* Zn Selectfluor
R0 Yo T < \cwe o \O'i\NCMe O’+I‘NCMe
Cl |
Octahedral monochloro
Ti—enolate complex
() Et
Me
NP NSO _
. o \O;lli“NCMe
iPr (J3I
iPr
iPr 3 Face-on-Re Shleldlng naphthyl

group

Figure 10.1 (a) TiCl,(TADDOLato)-catalyzed enantioselective a-fluorination of
B-ketoesters. (b) Proposed mechanism of enolization and fluorination. (c) Structure of the
most stable Ti(enolato) complex and the proposed stereocontrol model [22]. Source: Piana
et al. [23]. Reprinted with permission of John Wiley & Sons.
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to give an octahedral monochloro Ti-enolate complex, which is fluorinated by
Selectfluor (Figure 10.1b). Calculations revealed that the most stable isomer of the
Ti-enolate complex (3) has the chloride ligand in the axial position (Figure 10.1c).
The enolate fragment and the face-on oriented naphthyl group are almost perfectly
parallel. As a result, the Re-face of the enolate in 3 is completely shielded and an
electrophilic attack of the fluorinating agent can only occur from the opposite
side. This stereocontrol model correctly predicts the observed absolute configu-
ration of the product. Both computational and experimental results supported a
single-electron transfer (SET) mechanism for the fluorination step.

10.2.2 Mn-Catalyzed Fluorination Reactions

In 2012, the Groves group developed an efficient aliphatic C—H bond fluorina-
tion reaction that employed a manganese tetramesitylporphyrin (Mn(TMP)CI)
(4) as the catalyst and silver fluoride/tetrabutylammonium fluoride trihydrate
(AgF/TBAF-3H,0) as the fluoride source (Figure 10.2a) [24]. Simple hydrocarbons,
substituted cyclic molecules, terpenoids, and steroid derivatives were selectively
fluorinated in good yields. The proposed catalytic cycle (Figure 10.2b) is composed
of four steps, including (1) oxidation of the resting Mn(TMP)F catalyst to afford a
reactive O=Mn"(TMP)F species, (2) hydrogen atom abstraction from the substrate
by O=Mn"(TMP)F to produce a C-centered radical and a HO-Mn'"V(TMP)-F
rebound intermediate, (3) an OH/F ligand exchange in HO-Mn"V(TMP)-F to form
trans-Mn'V(TMP)F,, and (4) fluorine atom transfer from the trans-Mn!V(TMP)F, to

(a)
Mn(TMP)CI (6-8 mol%)

PhIO, AgF, TBAF-3H,0
MeCN/DCM (3:1)
N,, 50 °C, 6-8 h

F
F
| |
F F

Figure 10.2 (a) Manganese porphyrin-catalyzed C—H bond fluorination. (b) Proposed
catalytic cycle. () PCM-B3LYP/6-311++G(d,p)+LACVP" (Mn)//B3LYP/6-31G(d,p)+LACVP" (Mn)
energy landscape for the fluorine atom transfer process.
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the incipient substrate radical to furnish the fluorinated product. DFT calculations
showed that the fluorine atom transfer from trans-Mn!VF, to a cyclohexyl radical
is quite facile with an activation barrier as low as 3.0kcal/mol (Figure 10.2c).
The barrier of fluorine transfer for its analogous HO-Mn!'V-F was found to be
~3kcal/mol higher. The anticipation that trans-Mn'V(TMP)F, would be an excel-
lent radical fluorinating agent was verified by both their experiments and Zhang
et al.’s computations [25].

With the manganese porphyrin catalyst Mn(TMP)CI 4, the Groves group also
developed the first catalytic decarboxylative fluorination reaction with a less
basic nucleophilic fluoride source, triethylamine trihydrofluoride (Et;N-3HF)
(Scheme 10.1) [26]. The proposed mechanism is shown in Figure 10.3a. Two
likely pathways were postulated for the activation of the carboxylic acid. Pathway
A involves the in situ formation of an iodine(III) carboxylate ester that oxidizes
the manganese(III) porphyrin to a fluoromanganese(IV) intermediate with con-
comitant decarboxylation. Pathway B proceeds through a direct hydrogen atom
abstraction from the hydroxyl group of the carboxylic acid by an oxomanganese(V)
porphyrin intermediate. Mechanistic experiments and DFT calculations support
Pathway A. Calculations showed that the in situ-formed iodine(IIl) carboxylate
ester first forms a stable adduct with the manganese(III) porphyrin, which then
undergoes a facile dissociation at the iodine center with a barrier of 18.2 kcal/mol
(Figure 10.3b). In the dissociation transition state (TS), significant elongations
of the I—O and I—F bonds were observed with a concurrent contraction of the
Mn—F bond, consistent with a dissociation of the carboxyl radical from iodine with
concomitant fluorine atom transfer to Mn™ to afford trans-Mn'VF,.

Mn(TMP)CI (2.5 mol%)
PhlO, Et3N-3H
R-COOH R—
DCE, 45 °C, 45 min-15h

Scheme 10.1 Mn(TMP)Cl-catalyzed decarboxylative fluorination of carboxylic acids.
Source: Huang et al. [26].

Mechanistic insights gained from the facile capture of substrate carbon radicals by
the trans-Mn!VF, species further led to the development of a Mn(salen)OTs catalyst
5 for the late-stage '8F labeling chemistry (Figure 10.4a) [27]. A similar mechanism
was proposed (Figure 10.4b). DFT calculations supported the fluorine transfer reac-
tivity of trans-Mn'V(salen)(OH)F complex. The computed activation barrier of fluo-
rine transfer from the trans-Mn'V(salen)(OH)F complex to the benzyl radical is only
9.6 kcal/mol, and the overall fluorine transfer process is exergonic by —38.0 kcal/mol
(Figure 10.4c).

10.2.3 Fe-Catalyzed Fluorination Reactions

In 2016, Cook and coworkers developed a mild, amide-directed fluorination of
benzylic, allylic, and unactivated C—H bonds catalyzed by low-cost Fe(OTf),
(Scheme 10.2a) [28]. The reaction proceeds in high yield with broad functional
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Figure 10.3 (a) Proposed catalytic cycle. (b) CPCM-M06/6-311++G(d,p)+SDD(Mn,l)//
MO06/6-31G(d)+SDD(Mn,l) free energy profile for the formation of carboxyl radical through
the interaction of an iodine(lll) carboxylate complex and a manganese(lll) porphyrin.
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Figure 10.4 (a) Mn(salen)OTs-catalyzed *8F labeling of benzylic C—H bonds. (b) Proposed

catalytic cycle. (c) CPCM-B3LYP/6-311++G(2df,2p)+SDD(Mn)//B3LYP/6-31G(d)+SDD(Mn)
free energy profile for the fluorine transfer step.

group tolerance. Crossover experiments and DFT calculations suggest that an
organometallic pathway should be more feasible than a free radical mechanism for
this reaction. As shown in Figure 10.5, the reaction begins with a rate-determining
N—TF bond cleavage by Fe(OTf),, followed by a facile 1,5-hydrogen atom transfer to
generate the benzylic radical. From the benzylic radical, fluorine atom abstraction
could occur from either the starting fluoroamide (a free radical mechanism) or the
in situ-formed [Fe]-F (an organometallic pathway). The organometallic pathway,
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Figure 10.5 (U)M06/cc-pVTZ(-f)+LACV3P™ (Fe)//(U)M06/6-31G(d,p)-LACVP™ (Fe) free energy
profile for Fe-catalyzed C—H bond fluorination.

where the metal fluoride [Fe''']-F donates the fluorine atom back to the resulting
benzylic radical to furnish the fluorinated product, was calculated to be a barrierless
process [28]. In contrast, the free radical atom transfer pathway has a barrier as
high as 25.2 kcal/mol. Guided by the computational mechanistic insights, the same
group has recently extended this approach to a site-selective fluorination of remote
C(sp*)—H bond of adamantoyl-based fluoroamides (Scheme 10.2b) [29].

(a) o) o
S e Fe(OTf), (10 mol%) N T
R R [ H
DME, 40 °C, 1-8 h TS
Aryl, heteroaryl, allylic;
1°,2° and 3°
(b) 0 0

Fe(OTf); (10 mol%)

J AR H M

AdTNTTOCT oME s0+C, 20min A K
R3 Ra2 R3

Scheme 10.2 Fe(OTf),-catalyzed C—H bond fluorination directed by (a) fluoroamide and
(b) adamantoyl-based fluoroamide. Source: Groendyke et al. [28], Pinter et al. [29].

Iz

10.2.4 Rh-Catalyzed Fluorination Reactions

Recently, the Szabo group has developed several highly efficient methodologies to
introduce F, CF;, and SCF; groups to diazocarbonyl compounds with a dirhodium
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catalyst Rh,(OAc), [30-32]. In collaboration with the Himo group, they carried out
a detailed computational study on the mechanisms of the Rh-catalyzed geminal
oxyfluorination and oxytrifluoromethylation of diazocarbonyl compounds with
fluoro-benziodoxole 6 and Togni reagent 7 (Scheme 10.3) [33]. The computed mech-
anism of the Rh-catalyzed oxyfluorination is shown in Figure 10.6, which involves
the following five steps: (1) N, dissociation to form a Rh-carbene intermediate,
(2) alcohol insertion and proton transfer to give a stable Rh-enol intermediate, (3)
concerted proton transfer/electrophilic addition of the hypervalent iodine reagent
to enol, (4) isomerization of the hypervalent iodine 6, and (5) ligand coupling to
afford the final product. The dirhodium catalyst was found to lower the barrier
for the N, dissociation by stabilizing the carbene intermediate and to facilitate the
isomerization of 6 by coordinating to the fluorine atom center. The N, dissociation
is the rate-determining step with a computed free energy barrier of 22.6 kcal/mol.
Rh-catalyzed geminal oxytrifluoromethylation follows a similar mechanism. The
main difference lies in the isomerization step: for reagent 6 the fluorine atom can
bind to Rh to facilitate the isomerization, whereas this is not possible for reagent
7 with a trifluoromethyl group. Consequently, the isomerization step becomes rate
determining for oxytrifluoromethylation.

o FIF;C—I1—0 o

Rhs(OAc)4 (1 mol %)
R1J\?N2 + + R%-OH R‘JS(O\RS
Re DCM, r.t., 15 min FIF;C R2

6: F,7: CF3

Scheme 10.3 Rh-catalyzed oxyfluorination and oxytrifluoromethylation. Source: Reprinted
with permission from Mai et al. [33]. Copyright 2018, American Chemical Society.

Subsequently, Himo, Szabd, and coworkers further investigated the detailed
reaction mechanisms of Rh-catalyzed oxyaminofluorination and oxyaminotrifluo-
romethylthiolation of diazocarbonyl compounds with electrophilic N-F/N-SCF;-
based reagents (N-fluorobenzenesulfonimide (NFSI, 8) and N-trifluoromethylthiodi-
benzenesulfonimide (9), Scheme 10.4) [34]. Calculations showed that the two
reactions follow the same reaction mechanism (Figure 10.7). The catalytic cycle
begins with N, dissociation to give a Rh-carbene intermediate, followed by a
nucleophilic attack of tetrahydrofuran on the carbene. Then, a Rh coordination
change leads to the Rh-enolate intermediate, providing the crucial alkene for
subsequent electrophilic attack by N-F/N-SCF; reagents. Electrophilic attack
via an Sy2-like transition state introduces the F or the SCF; moiety. The barrier
for trifluoromethylthiolation is lower than that for fluorination due to the lower
energy of 6" N-SCF,; than that of 6° N-F molecular orbital. Finally, the nucleophilic
attack of the remaining amino groups furnishes the final products. Similar to the
Rh-catalyzed oxyfluorination of diazoketones with hypervalent fluoroiodine [33],
the N, dissociation was identified as the rate-determining step for Rh-catalyzed
oxyaminofluorination and oxyaminotrifluoromethylthiolation.
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Scheme 10.4 Rh-catalyzed oxyaminofluorination and oxyaminotrifluoromethylthiolation.
Source: Reprinted with permission from Mai et al. [34]. Copyright 2018, American Chemical
Society.

Most recently, Huang, Yu, and coworkers developed a Rh-catalyzed cascade
arylfluorination reaction of a-diazoketoesters with arylboronic acids and NFSI
for facile synthesis of a-aryl-a-fluoroketoesters (Scheme 10.5) [35]. Based on their
experimental and computational results, a plausible catalytic cycle was proposed
(Figure 10.8), including transmetalation, diazo coupling reaction, migratory
carbene insertion, outer-sphere fluorination, and regeneration of the catalyst.
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Compared with the outer-sphere fluorination pathway, the inner-sphere one
was calculated to be disfavored by more than 60 kcal/mol because the HOMO
of diketonato-rhodium(IIT) complex is mainly contributed from the diketonato
carbon. A similar observation was made by Lynam, Slattery, and coworkers [36].

No PhO2S.-SO2Ph  Cp*Rh(OAC), (5 mol%)  Ar
Ar—BOH), + .+ | F{1\/\—F
R R? F K»CO3, DMA R2
NFSI 40°C, 16 h

Scheme 10.5 Rh-catalyzed arylfluorination of a-diazoketoesters. Source: Reprinted with
permission from Ng et al. [35]. Copyright 2019, Royal Society of Chemistry.

10.2.5 Ir-Catalyzed Fluorination Reactions

Most recently, Gutierrez, Nguyen, and coworkers reported a combined experimental
and computational study on the mechanism of the diene-ligated Ir-catalyzed regio-
and enantioselective allylic fluorination (Scheme 10.6) [37]. Based on mechanistic
experiments and DFT calculations, they proposed a possible mechanism for the
fluorination of racemic allylic trichloroacetimidates (Figure 10.9). The C—F
bond formation via an outer-sphere nucleophilic fluoride attack on the r-allyl
iridium intermediates was identified as the regio- and stereodetermining step. The
barriers for nucleophilic attack at the least substituted carbon were calculated to be
>8 kcal/mol higher in energy than at the most substituted carbon, consistent with
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are in kcal/mol. Source: Sorlin et al. [37]. Reprinted with permission of American Chemical
Society.

the experimentally observed high branched-to-linear ratios (b:1>99 : 1). The high
branched-to-linear selectivity was attributed to stronger interactions between the
developing m._ moiety and iridium in the branched transition states. For the enan-
tioselectivity of branched product, transition state (R)-Ir-TS leading to the exper-
imentally observed major enantiomer was calculated to be 1.2 kcal/mol lower in
energy than diastereomeric transition state (S)-Ir-TS, in reasonable agreement with
the experimental result (ee, . = 76% vs. ee,,, = 93%). The energy difference stems
from the unfavorable steric interaction between the allylic and NHCOC]I, moieties.

X, f
[IrCI(S,S)-L], (2.5 mol%) :
0" NH EtsN-3HF RN
R)\/ MTBE, 25 °C, 1-6 h 61-03%
b:1>99:1
Racemic 86-97% ee

(S,5)-L

Scheme 10.6 Ir-catalyzed selective fluorination of allylic trichloroacetimidate.

10.2.6 Pd-Catalyzed Fluorination Reactions

10.2.6.1 Pd-Catalyzed Nucleophilic Fluorination
Despite the widespread use of Pd(0)/Pd(II) catalysis for Ar—X bond forma-
tion (X = C, N, O, and S), an analogous efficient Ar—F bond-forming process
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(Figure 10.10a) was unknown until recently. Grushin’s early systematic studies on
the [L,M(Ar)F] complexes (M = Pd, Rh, L: ligands) showed that such complexes
did not undergo the desired C-F reductive elimination under any conditions
investigated (Figure 10.10b) [38]. Instead, undesired reaction pathways involving
the supporting ligands and fluoride dominated the chemistry of these complexes
(Figure 10.10c). This was ascribed to both the competing, kinetically preferred
pathways involving the ligand-based P-F reductive elimination as well as the high
barrier to Ar-F reductive elimination.

To elucidate the specific features of the coordination environment of Pd(II)
that could enable the Ar-F reductive elimination as a feasible elementary C—F
bond-forming reaction in this type of catalytic transformation, Yandulov and Tran
conducted a computational and experimental evaluation of the thermodynamic
and kinetic feasibility of Ar-F reductive elimination from a series of [L,Pd(Ar)F]
complexes in 2007 [39]. DFT calculations revealed that Ar-F reductive elimina-
tion from three-coordinate T-shaped [LPd(Ar)F] (L = NHC, PR;), irrespective
of dimerization is a feasible elementary C—F bond-forming reaction, whereas
coordination of a strongly bonding fourth ligand to Pd results in pronounced
stabilization of the Pd(II) reactant and increases the activation barrier beyond
the practical range (Figure 10.11a). Cui and Saeys made a similar observation in
their computational study on a series of phosphine ligands [40]. Yandulov found
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Figure 10.11 (a) Computed reactivity profile of [LPd"(Ph)F] and [L,Pd"(Ph)F] (L = PMe;).
(b) First reported aryl C—F bond formation from a fluoride-bridged arylpalladium dimer.

that the aggregation of the reactive three-coordinate [LPd"(Ar)F] into a stable
fluoride-bridged dimer is another critical obstacle to Ar-F reductive elimination
in practice. Promisingly, they demonstrated that bulky phosphine ligands such as
Buchwald’s P(C,H,-2-Trip)(t-Bu), (tBuXPhos) could promote the C-F elimination
by preventing the dimerization process (Figure 10.11b). Indeed, the Buchwald
group achieved a breakthrough in 2009 by reporting the Pd-catalyzed nucleophilic
fluorination of aryl triflates (Scheme 10.7a) [41]. The key to the success of this Pd
catalyst system was the use of the sterically demanding biaryl monophosphines
such as tBuBrettPhos and HGPhos (Scheme 10.7a,b).

The Buchwald group subsequently developed a new fluorinated biaryl monophos-
phine ligand (AlPhos) that enabled a room-temperature regioselective Pd-catalyzed
fluorination of aryl triflates (Scheme 10.7c) [42]. DFT calculations and crystallo-
graphic analysis provided insights into the origin of its higher reactivity. Calculations
revealed an attractive C — H- - -F interaction in the ground-state structure of the
[(HGPhos)Pd"(Ph)F] complex 10 (Figure 10.12a). Such interaction is, however,
absent in [(AlPhos)Pd"(Ph)F] complex 11 (Figure 10.12b), which results in a
ground-state destabilization relative to 10, thus making it more active to undergo
a C-F reductive elimination. Indeed, the calculated activation barrier of the C-F
reductive elimination of 11 is 0.7 kcal/mol lower than that of 10, coinciding with
the observed reactivity enhancement of AlPhos.
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Scheme 10.7 Pd-catalyzed fluorination of aryl halides and triflates enabled by (a)
tBuBrettPhos, (b) HGPhos, and (c) AlPhos.

Interestingly, the C-F reductive elimination barriers of the 2/3-thienyl-substituted
[(AlIPhos)Pd"(Ar)F] (Ar: thienyl) complexes were calculated to be at least
5kcal/mol higher in comparison to phenyl-substituted complex and could be
lowered substantially by addition of a phenyl group adjacent to the Pd center
(Figure 10.13a) [43]. Guided by the insights from DFT calculations, the Buchwald
group successfully extended the methodology to the preparation of five-membered
heteroaryl fluorides (Figure 10.13b).

Most theoretical and experimental studies of Pd-catalyzed aromatic fluorina-
tion mainly focused on the crucial reductive elimination step. Recently, Pliego
reported a complete potential energy profile of a model Pd-catalyzed fluorination
reaction using an accurate theoretical method mPW2-PLYP [44]. The results
suggest that a successful ligand for Pd-catalyzed aromatic fluorination requires
not only a monophosphine ligand that avoids dimerization but also a strong
repulsion to both phenyl and fluorine bonded to the palladium in the [LPd"(Ph)F]
complex.

The Doyle group developed a series of Pd-catalyzed highly regio- and enantioselec-
tive fluorinations of allylic chlorides with AgF as the fluoride source (Scheme 10.8)
[45, 46]. In 2014, they conducted a joint computational and experimental study
on the mechanism of Pd-catalyzed allylic fluorination [47]. The results pointed to
a homobimetallic mechanism (Figure 10.14a,b), in which C—F bond formation
occurs by an outer-sphere nucleophilic attack of a neutral allylpalladium fluoride
12 on a cationic allylpalladium electrophile 13. The optimized TSs for the internal
and terminal attack of 12 on 13 are quite late and product-like. The calculated
AAG* value of 1.9 kcal/mol for branched/linear product is in excellent agreement
with the experimental b:l ratio of 36 : 1 (AAG* = 2.2 kcal/mol).
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Scheme 10.8 Pd-catalyzed fluorination of allylic chlorides with AgF.

10.2.6.2 Pd-Catalyzed Electrophilic Fluorination

In 2006, the Sanford group achieved a breakthrough in the field of C—F bond
formation that disclosed the first Pd-catalyzed ligand-directed benzyl and aryl
C—H bond fluorinations with electrophilic N-F reagents (Figure 10.15a) [48].
This pioneering work marks the beginning of the field of Pd-catalyzed C-H
fluorination. The reaction was proposed to proceed through a Pd(II)/Pd(IV) redox
cycle (Figure 10.15b), where the C—F bond-forming reductive elimination from
Pd(IV)-F serves as a critical step. Experimental and computational studies by
Ritter and coworkers [49] and Sanford and coworkers [50, 51] on the mechanism
of stoichiometric C-F reductive elimination from Pd(IV)-F complexes supported
the feasibility of the proposed Pd(II)/Pd(IV)-F catalytic cycle and encouraged the
development of subsequent Pd-catalyzed C-H fluorinations.

In 2015, Fleurat-Lessard, Hierso, and coworkers reported a general protocol for
the Pd-catalyzed mono- and difluorination of substituted arylpyrazoles with NFSI
(Scheme 10.9) [52]. The palladacycle formed via C-H activation was characterized
as the resting state of the Pd(II) catalyst (Figure 10.16). Interestingly, DFT calcula-
tions suggest that a previously unseen outer-sphere direct fluorination mechanism
is favored over the commonly assumed Pd(II)/Pd(IV) process by ~17 kcal/mol. A
key Pd(II) monomer was identified by mass spectrometry, providing support for the
unprecedented mechanistic scenario.

In 2016, Sun et al. discovered a remarkable ligand effect on the oxidation of Pd(II)
to PA(IV) in Pd-catalyzed, directing group-controlled C(sp*)—H bond fluorination
reactions [53]. The fluorination occurs in higher yields in the presence of external
quinoxaline (Scheme 10.10). DFT calculations revealed that the quinoxaline ligand
could significantly stabilize the Pd(II) and Pd(IV) intermediates and lower the
barrier for the oxidation of Pd(II) to Pd(IV) (Figure 10.17). Computational insights
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further led to the development of 8-aminoquinoxaline-directed fluorination,
wherein the substrate itself serves as the ligand to assist the Pd(II) oxidation.

1 1
R = Pd(OAS), (10 mol%) R =
N’ NFSI N’
R2 F

2
R ' phcF, 110°C

Scheme 10.9 Pd-catalyzed fluorination of substituted arylpyrazoles with NFSI. Source:
Reprinted with permission from Testa et al. [52]. Copyright 2015, John Wiley & Sons.

d(OAc), (10 mol%)
F* reagent, L
Toluene, 80 °C, 1 h

< e (0Q QO O Q)

Yield: 15% 27% 44% 10% 24% 65% (90% 8 h)

Scheme 10.10 Pd-catalyzed quinoxaline ligand-accelerated C(sp®)—H bond fluorination.

Most recently, Xu, Lou, and coworkers conducted a detailed mechanism study on
the effect of the anion ligand on C—H bond fluorination [54] (Scheme 10.11). DFT
calculations revealed that the presence of nitrate/nitrite anion ligand significantly
decreased the energy barrier of C—F bond reductive elimination from the Pd(IV)
intermediates (Figure 10.18). Guided by computational insights, the authors devel-
oped the selective C—H bond fluorination of various azobenzenes.

[Pd] (10 mol%)

@[N N-"" AgNO,, NFSI, EtOA @EN\\N/AF
H F

Scheme 10.11 Pd-catalyzed selective C—H bond fluorination of azobenzene.

In 2018, the Ritter group developed an undirected, Pd-catalyzed aromatic C—H
bond fluorination with electrophilic N-F reagents (Scheme 10.12) [55]. Computa-
tional and experimental mechanistic studies indicate that the reaction involves a
highly reactive electrophilic Pd(IV) fluoride (15), which is generated catalytically
through oxidation of the cationic Pd(II) complex (14) by Selectfluor. Complex 15 is
able to fluorinate arenes that Selectfluor cannot fluorinate (Figure 10.19). This is
because 15 has a higher single-electron reduction potential than Selectfluor, and the
fluorination proceeds through a single transition state (TSgcgr) via fluoride-coupled
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Scheme 10.12 Pd-catalyzed direct, non-chelation-assisted fluorination. Source: Reprinted
with permission from Yamamoto et al. [55]. Copyright 2018, Springer Nature.

electron transfer. The unusual mechanism of catalysis enabled by the high-valent
Pd(IV) electrophile offers a new avenue for the development of catalytic C-H func-
tionalization reactions.

10.2.7 Cu-Catalyzed Fluorination Reactions

10.2.7.1 Cu-Catalyzed Nucleophilic Fluorination

Along with Pd-catalyzed nucleophilic fluorination reactions, Cu-based catalytic
systems have also been developed in recent years for nucleophilic aryl-X fluori-
nation. The feasibility of an oxidative addition/reductive elimination sequence
for fluorination of aryl halides through a redox Cu(I)/Cu(IIl) catalytic cycle was
first demonstrated by the Ribas group based on a family of designed macrocyclic
substrates (Figure 10.20a) [56]. Experimental and computational results supported
the Cu(I)/Cu(IIl) catalytic cycle involving aryl-X oxidative addition at the Cu(I)
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Figure 10.19 Proposed catalytic cycle for the fluorination of chlorobenzene with
CPCM-TPSS0-D3-(Bl)/def2-QZVP+def2-SD(Pd)//PBEO-D3-(Bl)/def2-TZVP+def2-SD(Pd) free
energy data in kcal/mol.

center, followed by halide exchange and reductive elimination (Figure 10.20b). The
computed [Cu™-F] intermediate features a distorted square pyramidal structure,
wherein fluoride occupies the axial position cis to aryl group (Figure 10.20c). The
aryl-F bond-forming reductive elimination at Cu(III) center has a small energy
barrier of 16.2 kcal/mol and is exergonic by 4.1 kcal/mol, which is consistent with
a fast and irreversible C-F reductive elimination. Intriguingly, aryl-Cl reductive
elimination shows a much higher barrier of 26.9 kcal/mol and is endergonic by
24.7 kcal/mol, suggesting the ease of a downhill reversal oxidative addition between
Cu(I) and aryl chloride.

In 2013, Sanford and coworkers developed a mild Cu-catalyzed fluorination of
unsymmetrical diaryliodonium salts [Mes(Ar)I|* with KF as the fluoride source
(Figure 10.21a) [57]. This protocol preferentially fluorinates the less sterically hin-
dered aryl ligand on iodine(III). The authors conducted a synergistic investigation
of experiment and computation into the detailed mechanism of this transformation
[58]. The results support a Cu(I)/Cu(IIl) catalytic cycle (Figure 10.21b). The oxida-
tive aryl transfer from diaryliodonium cation [Mes(Ar)I]* to the Cu(I) catalyst is the
rate-determining step (Figure 10.22). The selectivity for fluorination of Ar vs. Mes
was attributed to the steric hindrance of 2,6-methyl groups in Mes.
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Figure 10.21 (a) Cu-catalyzed nucleophilic fluorination of diaryliodonium salts. (b)
Proposed catalytic cycle.

10.2.7.2 Cu-Mediated Radical Fluorination

In 2012, the Lectka group developed a catalytic methodology for the monofluo-
rination of aliphatic substrates with a polycomponent catalytic system involving
Selectfluor, a putative radical precursor N-hydroxyphthalimide, an anionic
phase-transfer catalyst, and a Cu(I) bisimine complex [59]. Two years later, they
simplified the protocol and conducted an in-depth mechanistic study of the
system they devised (Scheme 10.13) [60]. Based on exhaustive experimental and
computational studies, they proposed a radical chain mechanism in which Cu(I)
acts as an initiator through an inner-sphere SET reduction of Selectfluor to generate
the true catalyst (or chain carrier), doubly cationic radical TEDA?* (TEDA,
N-(chloromethyl)triethylenediamine, Figure 10.23). The radical dication TEDA?*
then performs hydrogen atom abstraction on an alkane to form an ammonium
salt and an alkyl radical. The resultant alkyl radical abstracts a fluorine atom
from Selectfluor to furnish the fluorinated product and regenerate the radical
dication to enter the catalytic cycle. Hydrogen atom abstraction occurs via an
early transition state and is the rate-determining step, while fluorine atom transfer
is a barrierless process. Both processes are highly exothermic. Donahue’s ionic
curve crossing theory and transition state calculations successfully explained the
observed preference for monofluorination. Charge analysis of hydrogen atom
abstraction TSs revealed that an electron-withdrawing group such as fluorine on
alkyl substrate destabilizes the developing positive charge on the hydrogen atom
being transferred, thus advocating for hydrogen atom abstraction of an alkane over
a fluoroalkane.

H [Cu] (10 mol%) F

R)\ a Selectfluor, K,CO5 R)\ .
MeCN, r.t., overnight

Scheme 10.13 Catalytic monofluorination of C(sp®)—H bonds enabled by Cu(l) and
Selectfluor.

In 2014, Zhang et al. reported a Cu-catalyzed highly regioselective and efficient
radical aminofluorination of styrenes with NFSI as both fluorine and nitrogen
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source (Scheme 10.14) [61]. Mechanistic experiments and DFT calculations
supported a radical mechanism (Figure 10.24). That is, the reaction begins with
the oxidative addition of Cu(I) to NFSI to give a Cu(IIl) species (Intl-Cu'™l),
which could lead to a Cu(Il)-stabilized nitrogen radical (Intl-Cu!!) through fast
equilibration. A concerted aminocupration pathway from Intl-Cu™ has a barrier
as high as 25.2 kcal/mol. In contrast, radical addition of Int1-Cu! to styrene, which
generates a benzylic radical, exhibits a much lower energy barrier of 10.7 kcal/mol.
The benzylic radical then abstracts a fluorine atom from NFSI to produce the
aminofluorination product and release the nitrogen radical. The capture of the
nitrogen radical by the Cu(II) would regenerate Intl-Cu'! to continue the radical
pathway.

CuBr (5 mol%)

F
NFSI, By, BC
R:_\ "N AgF or nBuBF4K RS
> . R
DCE, Ny, 4 h, 70-90°C  "F

Scheme 10.14 Cu-catalyzed radical aminofluorination of styrenes with NFSI. Source:
Modified from Zhang et al. [61].

In 2018, Li, Yu, and coworkers developed a Cu-catalyzed fluorotrifluoromethyla-
tion of unactivated alkenes with CsF as the fluoride source and Umemoto reagent as
the CF, source (Scheme 10.15) [62]. A plausible mechanism involving fluorine atom
transfer from Cu(II)-F complexes to alkyl radicals was proposed (Figure 10.25a).
DFT calculations showed that the fluorine atom abstraction from [Cu,(bpy),F,]**
by tert-butyl radical has an energy barrier of 13.3 kcal/mol (Figure 10.25b). A higher
barrier of 16.0 kcal/mol was computed for the isopropyl radical, consistent with the
experimental observation that the tert-butyl radical is more reactive than the iso-
propyl radical. Atomic charge analysis revealed that the approach of alkyl radical
to the fluoride is accompanied by a partial electron transfer from the radical to the
Cu complex, which explains why the tert-butyl radical is much easier to be oxidized
than the isopropyl radical.

10.2.8 Ag-Catalyzed Fluorination Reactions

In 2015, Liu, Lin, and coworkers reported an experimental and computational study
on the Ag-catalyzed aminofluorination of alkynyl-imine substrates with NFSI or

Cu(OTf), (30 mol%)
R L, BC, CsF E ;
Umemoto reagent R
)\ 2 FSC\)<R2
R MeCN, 80 °C, 6 h
Visible light

Scheme 10.15 Cu-catalyzed fluorotrifluoromethylation of unactivated alkenes. Source:
Reprinted with permission from Liu et al. [62]. Copyright 2018, American Chemical Society.
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Figure 10.23 (a) Proposed catalytic cycle for monofluorination of C(sp®)—H bond initiated
by Cu(l). (b) B3LYP/6-311++G(d,p) calculated hydrogen atom abstraction TSs.

Selectfluor [63] (Scheme 10.16). They successfully isolated and characterized a novel
mesoionic carbene silver complex (MIC),Ag(I). DFT calculations revealed that the
mechanism of C—F bond formation depends on the choice of different electrophilic
fluorinating reagents. The o-metathesis process is the favorable pathway over the
redox process for the C—F bond formation with NFSI due to its coordination ability
with Ag(I) (Figure 10.26a). Alternatively, the redox fluorination process is involved
for Selectfluor due to its high oxidative potential (Figure 10.26b). A disilver-assisted
o-metathesis process was proposed for the Ag-catalyzed intramolecular aminofluo-
rination of activated allenes with NFSI [64].

;
SR AgNOs (30 molo) SN
R3— Pyox, NFSl/Selectfluor ~ R37—
ZNN NP Re
A DMA, r.t.
R2 F

Scheme 10.16 Ag-catalyzed aminofluorination of alkynyl-imines.

Subsequently, Zhang computationally studied the mechanism of the Ag-catalyzed
decarboxylative fluorination of carboxylic acids [65] (Scheme 10.17) developed by Li
and coworkers [66]. The computed mechanism consists of five steps: formation of
Ag(I)-carboxylate, oxidation by Selectfluor, homolytic cleavage of O—Ag(II) bond,
loss of CO,, and fluorine abstraction (Figure 10.27). Interestingly, the formation of
Ag(II)-F and Ag(III)-F intermediates was calculated to be significantly endergonic
(AG > 40 kcal/mol). These results argue against the initially proposed mechanism
involving the intermediacies of Ag(IIT)-F and Ag(II)-F, but are consistent with Flow-
ers II and coworkers experimental results [67]. Zhang further studied the mecha-
nism of Ag-catalyzed intramolecular aminofluorination of alkenes [68]. DFT cal-
culations correctly predict the preference for the formation of a 5-exo over 6-endo
cyclization product.
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Scheme 10.17 Ag-catalyzed decarboxylative fluorination of carboxylic acid. Source:
Reprinted with permission from Yin et al. [66]. Copyright 2012, American Chemical Society.

Recently, Tang, Xu, and coworkers developed a novel Ag-catalyzed anti-
Markovnikov hydroxyfluorination reaction of styrenes with Selectfluor (Scheme
10.18) [69]. Preliminary mechanistic experiments and DFT computations sup-
ported a radical mechanism (Figure 10.28), which was proposed to start with the
coordination of styrene to Ag(H,O)", followed by oxidation of Selectfluor to give
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Scheme 10.18 Ag-catalyzed anti-Markovnikov hydroxyfluorination of styrenes with
Selectfluor. Source: Li et al. [69]. Reprinted with permission of American Chemical Society.
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Figure 10.29 (a) Zn-catalyzed aminofluorination of alkenes and (b) proposed mechanism.

Ag(II) species and TEDA?*-BF,. Calculations suggested that Sm(OTf), promotes
the oxidation step by stabilizing the generated fluoride via ligand exchange to give
SmF,. The resulting Ag(II) species oxidizes the ligated styrene to form a styrene
radical cation and regenerates the catalyst Ag(H,0)". The styrene radical cation
reacts with water to give the benzylic radical, which then abstracts a fluorine atom
from Selectfluor to afford the final product. The whole reaction was calculated to be
highly exergonic. The oxidation of styrene-Ag(H,0)* complex by TEDA?* -BF, is
more facile than by Selectfluor, suggesting that the catalytic cycle should prefer to
go along Pathway b after launching via Pathway a.

10.2.9 Zn-Catalyzed Fluorination Reactions

In 2017, Himo, Szabo, and coworker [70] reported an elaborate computational
study of Zn-catalyzed fluorination reaction of alkenes with fluoro-benziodoxole
6 [71] (Figure 10.29a). Following the activation model of the analogous
trifluoromethyl-benziodoxole reagent 7, the initially proposed mechanism involved
the addition of Zn-activated reagent 6 to the double bond of the alkene to give an
iodocyclopropylium cation (Figure 10.29b). However, the putative iodocyclopropy-
lium intermediate could not be located. Based on DFT calculations, they proposed
a plausible metathesis mechanism (Figure 10.30) in which Zn coordinates to the
fluorine atom instead of oxygen of the reagent 6. At nearly the same time, Xue and
coworkers reported the same “F-coordination” activation model for reagent 6 in
the Ag-mediated geminal difluorination of styrenes [72, 73]. It was unraveled that
the Zn-mediated isomerization of 6 leading to an isomerized reagent with lower
lying LUMO (a better electrophile) is a vital activation step for the fluorination.
Thereafter, the reaction should proceed through a metathesis step to form the
C—F bond, and by a nucleophilic substitution to give the final aminofluorination
product. The nucleophilic substitution is the rate-determining step with a computed
energy barrier of 23.1 kcal/mol. The zinc ion was found to lower the barriers of all
steps in this reaction. Their mechanism rationalizes the experimentally observed
regioselectivity and can be generalized to Brensted acid-catalyzed fluorination
reactions using reagent 6.
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10.3 DFT Modeling of Organocatalytic Fluorination
Reactions

10.3.1 Fluorination Reactions Catalyzed by Chiral Amines

10.3.1.1 Chiral Secondary Amines-Catalyzed Fluorination Reactions

The year 2000 saw the rebirth of organocatalysis. Particularly, the rediscovery of
the versatile catalytic nature of proline by List et al. [74] and the disclosure of
the imidazolidinone-catalyzed highly enantioselective Diels-Alder reaction by
MacMillan and coworkers [75] are the most important milestones in the field of
asymmetric organocatalysis. The rapid advance in enantioselective enamine catal-
ysis [76-80] was quickly extended to fluorination. In 2005, several groups reported
almost simultaneously the chiral secondary amines catalyzed enantioselective
fluorination of aldehydes [81-84].

In 2008, Jorgensen and coworkers performed DFT calculations to explain the
origin of the enantioselectivity of trimethylsilyl diarylprolinol (16) catalyzed by
a-fluorination of aldehydes (Scheme 10.19) [85]. The stereochemical outcome of
these transformations depends on the approach of the electrophile to the enamine
intermediate formed by the reaction of 16 and aldehydes. B3LYP/6-31G(d) was
used to calculate the relative free energies of the four enamines from propanal and
16. The results showed that (E)-anti and (E)-syn containing an E-configuration
are more stable than (Z)-anti and (Z)-syn having Z-configuration (Figure 10.31a).
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Scheme 10.19 Trimethylsilyl diarylprolinol-catalyzed enantioselective fluorination of
aldehydes. Source: Modified from Dinér et al. [85].

Although DFT calculations predicted that both anti and syn E enamines should be
present in the reaction system as a mixture, only (E)-anti enamine was observed in
solution by NMR (86, 87].

Figure 10.31b shows the lowest energy enantiomeric TSs for a-fluorination of
3,3-dimethylbutanal catalyzed by 16. The TS-anti-Si, where the incoming NFSI
attacks the anti-E enamine from the less shielded “bottom” (Si) face, leads to the
major (S)-a-fluoroaldehyde observed experimentally. The incoming NFSI attacks
on the “bottom” (Re) face of the syn-E-enamine (TS-syn-Re), giving the minor
(R)-enantiomer. The TS-anti-Si is more stable than TS-syn-Re by 2.4 kcal/mol,
corresponding to 96% ee in favor of the (S)-product, which agrees well with the
level of enantioselectivity observed experimentally (97% ee). The energy difference
was attributed to a staggered conformation of the substituents around the forming
C—F and the breaking N—F bonds in the major enantiomer, which is in contrast to
a more eclipsed arrangement around these bonds found in the minor enantiomer.
Calculations also showed that attack on the “top” (Re face) of the anti-E enamine is
disfavored (>9.5 kcal/mol) due to shielding of the enamine by the bulky substituent
in the catalyst. It was thus suggested that the enantioselectivity originates from
different populations of TS-anti-Si and TS-syn-Re, rather than from an approach
of the electrophile from the more hindered side of the catalyst.

10.3.1.2 Chiral Primary Amines-Catalyzed Fluorination Reactions

Cinchona alkaloids play an important role in asymmetric fluorination. In 2014, the
Houk group [88] computationally studied the origin of selectivity of the cinchona
primary amine 17-catalyzed fluorination of cyclic ketones developed by MacMillan
and coworkers (Scheme 10.20) [89], assuming that the reactions proceed by dual
activation of the ketone and the fluorine source NFSI (fluorine transfer from NFSI
to catalyst). The TSs for the intramolecular N-to-C fluorine transfer to either face of
the enamine formed from cyclohexanone and the model catalyst 17a were located
(Figure 10.32). The (R)-TS,,;, leading to the major enantiomer is 6.8 kcal/mol lower
in energy than (S)-TSy,,,, Which leads to the minor enantiomer. This calculation cor-
responded well with the high enantioselectivity observed in experimental studies.
The energy difference between (R)-TS i, and (S)-TS,,,c Was attributed to (1) the
preferred conformation of the seven-membered ring (the chair conformation vs. the
boat conformation), and (2) the steric bulk of the C9-quinoline of the organocata-
lyst. The stereoselectivity model proposed is applicable to more elaborate substrate
structures.
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Scheme 10.20 Cinchona alkaloid-primary amine-catalyzed fluorination of cyclohexanone.
Source: Modified from Kwiatkowski et al. [89].
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Figure 10.32 |EFPCM-B3LYP-D3-(BJ)/def2-TZVPP//IEFPCM-B3LYP/6-31G(d) calculated
relative free energies of the stereodetermining TSs for 17a-catalyzed fluorination of
cyclohexanone.

Encouraged by Houk’s stereoselectivity model [88], Higashi and coworkers
developed an efficient synthetic method for proximal a-regioselective fluorination
of a-branched enals, providing allylic fluorides in good yields and enantioselec-
tivity (Scheme 10.21) [90]. DFT calculations were conducted to understand the
a-regioselectivity and stereoselectivity. The calculated seven-membered fluorine
transfer transition states (R) -TSyso; and () -TSyeso; are shown in Figure 10.33.
The origin of the high a-regioselectivity was ascribed to a much closer distance of
the fluorine atom on quinuclidine to the a-position than to the y-position of the

Catalyst:18 (30 mol%) £ Me

Me
/\% zhOZS‘N’Sozph MeSO;H (60 mol%) /\><
9 . .
Ph CHO 'I: NMP, r.t., Fh cno
only a-regioisomer

49% yield, 75% ee E/Z=2.6 : 1

Scheme 10.21 Cinchona primary amine 18-catalyzed proximal fluorination of a-branched
enals. Source: Reprinted with permission from Arimitsu et al. [90]. Copyright 2017, American
Chemical Society.
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Figure 10.33 SMD-MO06-2X/6-31G(d,p) calculated TSs and activation free energies for
cinchona primary amine-catalyzed fluorination of a-branched enal.

dienamine. The (R) “TSwyeso; is lower in energy than (S) “TSwmeso; by 0.5 kcal/mol
in the presence of MeSO;. Further analysis revealed a considerable contribution
of the nonclassical C—H- - -O hydrogen bonds between Cy-H and MeSOj to the
stabilization of (R) -TSpeso; » suggesting that a conjugate base of a Breonsted acid
could modulate the stereochemistry.

In 2018, the Luo group reported a reagent-controlled enantioselectivity switch
in the asymmetric a-fluorination of B-ketocarbonyls catalyzed by a chiral primary
amine catalyst 19 [91]. A simple change of the fluorination reagent switched
the enantioselectivity: namely, the use of N-fluoropyridinium (NFPy) salt led to
S-selectivity, while the reaction with NFSI gave R-enantiomer (Scheme 10.22). The
authors proposed a dual hydrogen-bonding mode for the NFSI-based R-selective
process and an electrostatic model for the NFPy-based S-selective process. The
computed S-selective (S)-TSygp, Was favored over the R-selective (R)-TSygpy, by

ks
PhOZS\N/SOZPh o O
||: R1 . RS Ph
R F F\»
R, up to 94% ee Fs / S-O
Ph
H-bonding-guided Re-facial attack
I

o R
| S, up to 94% ee /*d

=

Electrostatic repulsion-pushed Si-facial attack

Scheme 10.22 Chiral primary amine 19-catalyzed asymmetric fluorination of
B-ketocarbonyls.
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Figure 10.34 Calculated TSs and the electrostatic surface potential for chiral primary
amine 19-catalyzed asymmetric fluorination of -ketocarbonyl with NFPy. Source: You et al.
[91]. Licenced under CC BY 3.0.

3.0kcal/mol, consistent with the experimental observation (Figure 10.34). The
energy difference between (S)-TSygp, and (R)-TSypp, Was mainly attributed to
the unfavorable electrostatic repulsion between the ammonium and pyridinium
moieties in (R)-TSygpy-

10.3.2 Tridentate Bis-Urea Catalyzed Fluorination Reactions

In 2018, Gouverneur, Paton, and coworkers achieved a breakthrough in
asymmetric nucleophilic fluorination by merging hydrogen bonding with
phase-transfer catalysis (Scheme 10.23) [92]. This protocol afforded enantioenriched
B-fluorosulfides with a safe fluoride source CsF and a chiral N-alkyl bis-urea catalyst
20. Molecular dynamics (MD) simulations and DFT calculations were undertaken
to gain insights into the mechanism and origins of catalysis and stereoselectivity.
Comparison of the computed free energy profile for an achiral urea 21-catalyzed
and -uncatalyzed fluorination revealed that (1) unfavorable halide anion exchange
is responsible for the prohibitively high energetic span of the uncatalyzed pathway
due to the much higher lattice energy of CsF relative to that of CsBr, and (2) the key
catalytic role of the urea is to promote a halide anion exchange through preferential
stabilization of fluoride via hydrogen bonding in solution (Figure 10.35). Calcula-
tions revealed an energetic preference for the formation of a tridentate hydrogen
bonding complex between the chiral bis-urea catalyst and the fluoride ion. This
provided an important clue for catalyst optimization and led to the identification
of the optimum N-alkyl bis-urea catalyst 20. Computations predicted (S,S)-product

CF,
S PTC \/\S )y
NN CFs
_CsF (1.2 equiv) :" )
1,2-Difluorobenzene NTN CF3
rt, 15h O‘ 0
CF3
:9er

Scheme 10.23 Asymmetric nucleophilic fluorination by hydrogen bonding phase-transfer
catalysis. Source: Pupo et al. [92].
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calculated enantiomeric TSs and their relative free energies for 20-catalyzed fluorination.

formation in 96.5 : 3.5 er, which is in good agreement with the experimental value
(91 : 9 er). Stronger CH- - -n and cation- - -x interactions and the better conjugation
between the phenyl ring and the benzylic carbon contribute to the stabilization of
the favored transition state (S)-TSyg.prc (Figure 10.36).

Most recently, Gouverneur, Paton, and coworkers further demonstrated that
the hydrogen bonding phase-transfer catalysis could enable access to valuable
pB-fluoroamines in high yields and enantioselectivities with KF as the fluoride source
(Scheme 10.24) [93]. In accordance with their previous observations, MD simula-
tions showed that the N-alkylated catalyst 22 forms a stable tridentate fluoride com-
plex. The DFT-computed selectivity of 95 : 5 er is in excellent agreement with exper-
imental values. The enantioselectivity was attributed to (1) a stronger cation- - -n
interaction and more effective conjugation of the phenyl ring with the bonds that are
forming and breaking in the (S)-TSgp prc.22> and (2) destabilizing steric repulsion
in the (R)-TSyg.prc.22- The orientation of the N-substituents of aziridinium ion in
the most stable enantiomeric TSs is pointing away from the catalytic pocket, which
explains the wide substituent tolerance in these positions (Figure 10.37).
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N o N
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i $ T N
Racemic KFs  Up to 92% yield OO o} N\ CFy

_ Upto96:4er
X=Cl, Br Up to 50 g scale 22 F3C CFs

Scheme 10.24 Hydrogen bonding phase-transfer catalytic synthesis of enantioenriched
pB-fluoroamines with KF(s). Source: Pupo et al. [93].

10.3.3 Hypervalent lodine-Catalyzed Fluorination Reactions

In 2018, Xue, Houk, Jacobsen, and coworkers [94] reported a computational
mechanistic study on aryl iodide 23-catalyzed asymmetric migratory geminal
difluorination reaction of B-substituted styrenes developed by the Jacobsen group
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Figure 10.37 COSMO-wB97X-D3/(ma)-def2-TZVPP//CPCM-M06-2X/def2-SVP(TZVPPD)
calculated lowest energy enantiomeric TSs and their relative free energies for 22-catalyzed

fluorination.
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Scheme 10.25 Aryl iodide 23-catalyzed asymmetric geminal difluorination of
cinnamamide.

[95] (Scheme 10.25). The computed mechanism (Figure 10.38) consists of four steps:
(1) activation of the in situ-formed active catalyst iodoarene difluoride (ArIF,),
(2) 1,2-fluoroiodination, (3) bridging phenonium ion formation via Sy2 reductive
displacement, and (4) regioselective fluoride addition. The 1,2-fluoroiodination
was found to be the stereocontrolling step. The computed enantiomeric excess
of 95% S agrees qualitatively with the enantioselectivity observed experimentally
(86% S ee) (Figure 10.39a). In the transition structure (S)-TS2,,; (leading to major
enantiomer), the styrenyl olefin and the C—I bond of catalyst adopt a favorable
spiro arrangement, and the phenyl group of the substrate is accommodated in a
binding pocket through slipped =- - -& stacking interaction. Although the transition
structure (R)-TS2,,; (leading to minor enantiomer) has similar binding of the
phenyl, it adopts a less favorable near periplanar arrangement due to the clash
between the phenyl group of the substrate and the ester carbonyl group at the
arm of catalyst (Figure 10.39b). This stereocontrol model is applicable to other
substrates.

In the same year, Falivene, Rueping, and coworkers reported a new chiral
iodoarene catalyst 24 for the asymmetric fluorination of carbonyl compounds,
affording the products with a quaternary stereocenter in high enantioselectivities
(Scheme 10.26) [96]. A combination of computational and experimental studies
shed insights into the mechanism and the origin of enantioselectivity. Based
on their experiments, they assumed an in situ formation and activation of the
Ar"-I-F, by the HF molecule. The favored mechanism involves deprotonation
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of the substrate with [Ar"-I-F]*/[HF,]", followed by [Ar'-I-F]* migration to
form a—C-bonded hypervalent iodine intermediate Int3,,;,, (Figure 10.40a).
This intermediate undergoes a stepwise Ar'-I elimination to furnish the product
(Figure 10.40a, dark grey pathway). The [Ar'-I-F]* migration was identified as
the enantiodetermining step. The computed enantiodetermining transition state
(R)-TS2,,1.54 is more stable than (S)-TS2,,;,4 by 2.3kcal/mol (Figure 10.40b) in
good agreement with the selectivity observed experimentally. The stereoselectivity
was attributed to two factors: (1) the destabilizing repulsion that comes from the
short distances (<4.0 A) between carbon atoms of the substrate and the catalyst in
the unfavored (S)-TS2,,;,4, and (2) the stronger stabilizing C — H- - -O interactions
between an oxygen atom of the substrate and C—H bonds of the catalyst in the
favored (R)-TS2,,1.24-

o | o

0 . 0

“ Ar*l 24 (10 mol%) “ o (o Mori) 0~ ° O O%O(D»Memhyl)

il Co,R2 MCPBA TEASHE o (7 _CO; H
= CHCly, r:t., N “F

Up to 68% yield, 92% ee O 24
R1=H, R2= Et 67% yield, 90% ee FsC CF3

Scheme 10.26 Chiral iodoarene 24-catalyzed asymmetric fluorination of ketoesters.
Source: Pluta et al. [96]. Reprinted with permission of American Chemical Society.

10.3.4 N-Heterocyclic Carbene-Catalyzed Fluorination Reactions

Lin, Sun, and coworkers developed the first N-heterocyclic carbene (NHC)-catalyzed
enantioselective fluorination reaction [97]. In the presence of an appropriate combi-
nation of a precatalyst 25, a base, and an additive, the C—F bond formation occurs
efficiently at the a-position of enals, affording the enantioenriched p,y-unsaturated
a-fluoroester products (Scheme 10.27). With the aid of DFT calculations, a reac-
tion mechanism was proposed (Figure 10.41). DFT calculations suggested that the
C—F bond formation step be both enantioselectivity determining and rate limiting.
The barrier for fluorination at the y-position is higher than that at the a-position by
7.1 kcal/mol, consistent with the observed excellent a-regioselectivity. This prefer-
ence was attributed to the relatively high electron density at a—C vs. y—C of the dieno-
late intermediate A, likely due to the proximate positive charge of the triazolium
moiety. It was proposed that the relative stability of the dienolate intermediate A
and B is relevant to the observed stereochemical outcome.

In 2017, Wei, Tang, and coworkers [98] conducted a computational study on
the reaction mechanism, stereoselectivity, and chemoselectivity of NHC precursor
(26)-catalyzed oxidative a-fluorination of aliphatic aldehyde (Scheme 10.28) [99].

O Precat.:25 (10 mol%)
MeOZCONH + Meon __NaOAc, NFSI
RT “R2 CHClg, rt.

Scheme 10.27 N-heterocyclic carbene-catalyzed enantioselective fluorination reaction.
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Scheme 10.28 N-heterocyclic carbene-catalyzed enantioselective a-fluorination of
aliphatic aldehydes. Source: Reprinted with permission from Li et al. [99]. Copyright 2015,
John Wiley & Sons.

They found that the most favorable pathway contains eight steps (Figure 10.42),
including (1) the addition of NHC to aldehyde, (2) AcOH-assisted formation of the
Breslow intermediate, (3) addition of NFSI on the carbonyl carbon of the Breslow
intermediate, (4) AcOH-assisted elimination of HF to afford an NHC-bound
intermediate, (5) NaOAc-assisted deprotonation to give an enolate intermediate,
(6) enantioselective fluorination, (7) the AcO~-assisted esterification, and (8) the
dissociation of the NHC catalyst to furnish the monofluorinated ester product.
The fluorination was computationally assigned as the stereodetermining step.
The energy barriers of the addition of NFSI to the Si-face and Re-face of the
enolate intermediate Int5yyc are 22.9 and 27.4 kcal/mol (Figure 10.43), respec-
tively. This corresponds to an enantiomeric excess of >99%, which is close to the
experimentally observed value of 96% ee. This enantioselectivity was attributed
to the more efficient non-covalent interactions (NCIs) (including C—H---O,
C—H:--w, n--n stacking interactions) in (S)-TS6yyc. The likely competing
reaction pathways producing the by-products of aliphatic ester and difluorinated
ester were calculated to be kinetically unfavorable. Global reactivity index anal-
ysis showed that NHC promotes the reaction by enhancing the nucleophilicity
of the enolate intermediate and the electrophilicity of the monofluorinated
intermediate.

10.4 DFT Modeling of Enzymatic Fluorination Reaction

O’Hagan et al. isolated the first native fluorinating enzyme from the bacterium
Streptomyces cattleya in 2002 [100] and obtained the crystal structures in 2004
[101]. Fluorinase catalyzes the reaction between S-adenosyl-L-methionine (SAM)

NH, NH,
(0] Me f\ ) f\ O
MéJr ) F_ F. < ) S
o o “Me
+ﬁjH , , 5’-Fluoro-5’-deoxyadenosine H
8 4 3 2 1 synthase (fluorinase) NH;
OH OH OH OH
SAM 5'-FDA Met

Scheme 10.29 Fluorination of S-adenosyl-L.-methionine with fluoride to produce
5’-fluoro-5’-deoxyadenosine and L-methionine catalyzed by fluorinase.
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Figure 10.44
QM/MM-optimized
structures of (a) the
SAM-enzyme complex,

(b) the reactant complex,
(c) the transition state for
nucleophilic attack, and

(d) the product complex.
Source: Senn et al. [102].
Reprinted with permission of
American Chemical Society.
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and fluoride to produce 5'-fluoro-5’'-deoxyadenosine (5-FDA) and r-methionine
(Scheme 10.29). To gain insights into the mechanism of this unusual enzymatic
reaction and to elucidate the role of the enzyme in catalysis, Senn et al. com-
putationally studied the C—F bond-forming step in the fluorinase via DFT and
QM/MM calculations in 2005 (Figure 10.44) [102]. For the purpose of comparison,
they also explored the intrinsic reactivity patterns of SAM and fluoride by DFT
calculations with a polarizable continuum model for water. They found that the
C—F bond is formed via an Sy2-type nucleophilic attack of fluoride on SAM, and
the computed activation barrier is 22 kcal/mol in solution but only 13 kcal/mol in
the enzyme. Accordingly, the fluorinase reduces the energy barrier by 9 kcal/mol,
which corresponds to a rate acceleration of more than 6 orders of magnitude at
room temperature. The major part of this barrier reduction was ascribed to the
structural rearrangements for preparing and placing the reactants in a position
suitable for reaction.

10.5 Conclusions

Quantum mechanical methods are indispensable for elucidating the complex
catalytic mechanisms and origins of selectivities. In this chapter, we have reviewed
recent DFT studies of selected catalytic fluorination reactions. The improved
understanding of relevant mechanistic details has facilitated further advancement
of the field. We hope that the selected studies presented in this chapter could con-
vincingly showcase the power and opportunities of implementing computational
tools to rationalize or even to predict reactivities and the selectivity of catalytic
fluorination reactions.

Besides the catalytic fluorination reactions, quantum mechanical methods
have been successfully applied to catalytic fluoroalkylation reactions. In par-
ticular, the Schoenebeck group has demonstrated perfectly the application of
computation and experiment in concert to facilitate the rational development of
catalytic fluoroalkylation reactions [103], including trifluoromethylation [104-107],
trifluoromethylthiolation [108-111], trifluoromethylselenolation [112, 113], and tri-
fluoromethyltellurolation [114]. The synergistic use of computation and experiment
would usually gain more insights than isolated techniques.

‘We hoped that this review would further encourage the use of computational
approaches or the combined use of computation and experiment in mechanis-
tic studies and the development of new catalytic fluorination/fluoroalkylation
reactions.
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11.1 Introduction

Today, agriculture is confronted with enormous challenges, from production of suffi-
cient high-quality food, feed, fuel, and fiber, to water use and environmental impacts
and issues combined with a continually growing world population [1].

Modern agricultural chemistry has to support farmers by providing innovative
agrochemicals with more favorable environmental and toxicological profiles, used
in changing and applied agriculture [2]. That requires continuously innovative solu-
tions for existing and future challenges, such as climate change, development of
resistance to target pests, shifting pest spectra, increased regulatory hurdles, renew-
able raw materials, or demands resulting from food chain partnerships.

Agrochemical companies with a strong research and development focus will have
the opportunity to shape the future of agriculture by delivering cost-efficient and
innovative integrated solutions. In this context, the introduction of fluorine atoms
into an active ingredient (a.i.) is still an important tool to modulate the properties of
novel crop protection products.

11.2 Role of Fluorine in the Design of Modern
Agrochemicals

For nearly 40 years halogen-containing a.i.s have had a significant role in the devel-
opment of innovative agrochemicals. In the past decade, there has been a remark-
able rise in the number of commercial products containing fluorine atoms and/or
fluorine-containing substituents (Figure 11.1).

At present, these include, for example, trifluoromethyl (F;C) and difluoromethyl
(F,HC), or trifluoromethoxy (F5C-0) and difluoromethoxy (F,HC-O) groups at aryl
or heterocyclic aryl moieties and fragments such as [F,HC-H,C]-2,2-difluoroethyl,
[F,HC-SO,]-difluoromethyl-sulfonyl,  [(F;C),FC]-heptafluoro-iso-propyl,  or
[(F,C),MeOC]-1-methoxy-heptafluoro-iso-propyl [3].

Organofluorine Chemistry: Synthesis, Modeling, and Applications,

First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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@ Fluorinated agrochemicals
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Figure 11.1 Launch of commercial non-fluorinated and fluorinated agrochemicals in the
timeframe 2010-2019.

The continuing importance of fluorine atoms and/or fluorine-containing sub-
stituents in the design of agrochemicals has often been described and can be
attributed to the well-known steric (resemblance to hydrogen, C—F bond length:
1.35A, van der Waals radius: 1.47A) and electronic (extreme electronegativity)
properties, and polarity of the carbon-halogen bond (large dipole moment C-F:
u = 1.51D) [4]. Owing to the large dipole moment of the C—F bond, fluorine
substitution may result in substantial conformation changes through various
stereoelectronic interactions [5]. The effect of polyfluorinated isopropyl moieties on
molecular conformation observed in the solid state was rationalized by high-level
quantum mechanical calculations. The energy profiles along the variation of
torsional angle for the fluorinated motifs [(F,C),FC]-heptafluoro-iso-propyl,
[(F,C),HOC]-1-hydroxy-heptafluoro-iso-propyl, or [(F;C),MeOC]-1-methoxy-
heptafluoro-iso-propyl show a preference for the coplanar arrangement of the
phenyl ring and the C—F and C—OH bond with a rotational barrier of 7.74 and
6.62 kcal/mol, respectively [6].

In addition, improving of the metabolic, oxidative, and thermal stability (C—F
bond energy: 485 kJ/mol, metabolic stabilization), the pKa value effects (H-bonding,
protein binding affinity), and the influence of fluorine on physicochemical prop-
erties such as molecular lipophilicity (key parameter for absorption and transport,
important for bioavailability) can be underlined. In this context, the impact on
metabolic stability of polyfluorinated isopropyl substituents on aromatic rings was
demonstrated [7].

Lipophilicity is an important physicochemical parameter quantified by the
logP-value; it also determines ligand-target binding interactions, solubility, and
ADME (absorption, distribution, metabolism, and elimination) properties. This is
exemplified by the (F;C-X) groups (X = S, O), which contribute to the pest’s overall
pharmacological activity by enhancing the insect central nervous system (CNS)
penetration. Moreover, the influence of fluorine on modulation of biological proper-
ties of an a.i. has been described in detail by shifts of biological activity arising from
the introduction of fluorine atoms and/or fluorine-containing substituents into bio-
logical a.i.s such as the commercialized y-aminobutyric acid (GABA)-gated chloride



11.3 Fluorinated Modern Agrochemicals

channel blockers (phenylpyrazoles), sodium channel modulators (pyrethroids), or
inhibitors of chitin biosynthesis, type 0 (benzoyl ureas) [4c].

With the latest generation of commercialized fluorine-containing agrochemicals,
two new modes of action (MoAs) could be identified for fungicides/insecticides,
three novel classes for insecticides/acaricides (new Insecticide Resistance Action
Committee [IRAC] sub-groups) for known MoAs, and two unknown MoAs for
nematicides.

A survey of the new a.i.s (the total number was 45 commercial products) used
as modern crop protection pesticides, provisionally approved by the International
Organization of Standardization (ISO) during the past 10 years (2010-2020, http://
www.alanwood.net/pesticides/) has shown that beside the only non-halogenated
nematicide imicyafos (2010, Agro Kanesho), insecticide lepimectin (2010, Sankyo)
and afidopyropen [8] (2018, Meiji Seika/BASF), herbicide tolpyralate (2017,
Ishihara Sangyo Kaisha), the fungicides mandestrobin (2017, Syngenta), isofe-
tamid [9] (2018, Ishihara Sangyo Kaisha), and picarbutrazox (2018, Syngenta),
all other launched products (38 products: ~84%) are halogen substituted (10
herbicides, 15 fungicides, 13 insecticides/acaricides, and 3 nematicides). From
these, 31 commercial products are fluorinated, and around 45% of them contain a
trifluoromethyl group, approximately 19% a difluoromethyl, approximately 3% a
trifluoromethoxy group, and 3% a difluoromethoxy group as a substituent on the
phenyl or heterocyclic moieties. This enormous increase in fluorine-substituted
products (Br <« Cl < F) demonstrates the importance of halogenation, in particular
fluorination, of modern agrochemicals. In this context, outstanding progress had
been made in technical preparation on an industrial scale for bulk quantities
of fluorine-substituted building blocks used for these latest pesticides such as
3-(trifluoromethyl)- and 3-(difluoromethyl)-1-methyl-1H-pyrazole-4-carboxylic
acids for fungicides, 3-bromo-1-(3-chloro-2-pyridinyl)-1H-pyrazole-5-carboxylic
acid, 2,2-difluoro-ethylamine, or trifluoromethyl-substituted pyridine moieties for
insecticides or nematicides as well as substituted 4-heptafluoro-iso-propylanilines
such as 1-methoxy-hexafluoro-iso-propyl for acaricides.

What is the rationale behind the strong increase in using fluorine atoms and/or
fluorinated motifs in the design of modern pesticides?

A critical analysis has been carried out with the latest generation of fluorine-
containing pesticides launched on the global crop protection market in the past
10years and a few representative pesticides have been selected to illustrate in detail
the contribution that the fluorine atom or special fluorine-containing substituents
have made to contemporary agricultural chemistry.

11.3 Fluorinated Modern Agrochemicals

In the present chapter, a few examples are selected to illustrate how fluorine substi-
tution is used successfully in contemporary agrochemistry. The strong influence of
fluorine atoms and/or fluorinated motifs can lead to biological superiority of fluori-
nated a.i.s over their non-fluorinated analogs. Various selected commercial products
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testify to the successful utilization of fluorine in the design of agrochemicals, in par-
ticular herbicides, fungicides, insecticides, acaricides, and nematicides.

Generally, the corresponding biochemical targets or MoAs for most commercial-
ized products have been described. These are

o the acetohydroxyacid synthase/acetolactate synthase (AHAS/ALS), the protopor-
phyrinogen oxidase (PPO), the cellulose biosynthesis (CBS), the very long-chain
fatty acid elongase (VLCFAE), auxin, and the 4-hydroxyphenylpyruvate dioxyge-
nase (4-HPPD) for herbicides;

o the succinate dehydrogenase (SDH, complex II), the respiratory chain (the
so-called Qo-site of complex III), the polyketide synthase (PKS), and the
oxysterol-binding protein (OSBP) for fungicides;

o the nicotinic acetylcholine receptor (nAChR), the ryanodine receptor (RyR), and
the y-aminobutyric acid receptor (GABA-R) for insecticides;

o the mitochondrial complex II electron transport for acaricides;

o the nematicidal SDH (complex IT) for nematicides.

11.3.1 Herbicides Containing Fluorine

11.3.1.1 Acetohydroxyacid Synthase/Acetolactate Synthase Inhibitors

The first step in the biosynthetic pathway of the branched-chain amino acids is cat-
alyzed by the enzyme acetohydroxyacid synthase (AHAS), which is also referred to
as ALS [10].

The sulfonanilide pyrimisulfan (Figure 11.2) [11], containing a difluoromethyl-
sulfonyl group, has broad spectrum, preemergence herbicidal activity against the
grass Exserohilum oryzicola, sedge, and broadleaf weeds, with selectivity on trans-
planted and water-seeded rice. Its low application rate (50-75 g a.i./ha) has provided
outstanding activity on major weeds of Japanese paddy fields.

11.3.1.2 Protoporphyrinogen Oxidase Inhibitors

The herbicidal enzyme protoporphyrinogen IX oxidase (Protox), which catalyzes the
oxidation of protoporphyrinogen IX to protoporphyrin IX by molecular oxygen, is
one of the most important targets for herbicide discovery [12]. In plants, protopor-
phyrin IX is the substrate for the biosynthesis of chlorophyll, which is a key pigment
for photosynthesis. Inhibition of the Protox enzyme results in an accumulation of
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the enzyme product protoporphyrin IX, but not the substrate, via a complex process
that has not been entirely elucidated. The result of this peroxidation process is the
loss of membrane integrity and leakage, pigment breakdown, and necrosis of the
leaf, which leads to the death of the plant.

Saflufenacil (Figure 11.3) [13] was commercialized in 2009 as Protox herbicide
for preplant burndown and selective preemergence dicotolydenous weed control in
multiple crops, including corn, wheat, rice, and soybean.

The fast, cytochrome P,;,-based N-dealkylation of the sulfamoyl carboxamide side
chain contributes to the unusual broad crop selectivity of saflufenacil, especially in
grass crops such as corn, wheat, and rice. In corn, it was found that root-absorbed
saflufenacil did not translocate well to the plant shoot and that both this factor and
metabolism contributed to crop selectivity [14].

11.3.1.3 Cellulose Biosynthesis Inhibitors

Cellulose biosynthesis in higher plants is essential to cell growth and division as well
as tissue formation and differentiation. Any inhibitors targeting cellulose biosynthe-
sis inhibitor (CBI) lead to severe effects on plant growth and development and they
are of considerable interest as herbicides [15].

Using the so-called “toolbox” of synthetic methods a broad range of indanyl
aminotriazines were synthesized and tested for their herbicidal activity as CBI in
plants. By optimization of the alkylazine class it was found that a free amino group
and a haloalkyl group provided the most appropriate substituents [16]. The presence
of a halogen atom (Br, CI<F) in combination with a 2,4-diamino-1,3,5-triazine
bearing an alkyl or cycloalkyl group in the 6-position is essential for good herbicidal
activity.

The (1R,2S)-configuration of the 2,3-dihydro-2,6-dimethyl-1H-inden-1-amine
(indanyl) ring system is decisive for herbicidal activity and for a shift in the
MoA from inhibition of photosystem II to inhibition of CBI. This results in the
introduction of an additional chirality center by fluorine in the 1-position of the
ethyl side chain. After synthesis of all eight diastereoisomers it was found that
combination of the (1R,2S)-indanyl fragment with a 6-(R)-1-fluoro-ethyl-substituted
2,4-diamino-1,3,5-triazine resulted in the most potent compound, which is the
major diastereoisomer of indaziflam (Figure 11.4).

Fluorescence microscopy confirmed the inhibition of CBI following indaziflam
treatment, as well as aberrant root and cell morphology. Indaziflam increases the
density of large cellulose synthase particles at the plasma membrane and reduces
particle velocity, resulting in the inhibition of polymerization [17]. As the strongest
innovative alkylazine herbicide, indaziflam shows a broad control of both grasses
and broadleaf weeds (application rates of ~50-75 g/ha) that are resistant to other
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Figure 11.4 Optimization of the 5-fluoro-6-methylindanylaminotriazine resulted in the
diastereomeric indaziflam.
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herbicidal MoAs. Its increased activity on monocotyledonous weeds provides a new
alternative strategy for the long-term control of multiple invasive winter annual
grasses [17]. So far, there is no evidence for any cross-resistance.

11.3.1.4 Very Long-Chain Fatty Acid Synthesis Inhibitors
Very long-chain fatty acid is inhibited by pyroxasulfone [18], which leads, for
example, to an increase of fatty acid precursors in cultured rice cells.

Pyroxasulfone (Figure 11.5) contains a 5-(difluoromethoxy)-1-methyl-3-(trifluoro-
methyl)-1H-pyrazole moiety [19], enhancing the physicochemical parameters such
as water solubility (3.48 mg/1 at 20 °C). It can be applied in the crops corn, soybean,
cotton, and wheat, and has annual grass activity at lower application rates than
the more water-soluble (S)-metolachlor (480 mg/1 at 25 °C) but also provides good
control of several annual broadleaf weeds. In comparison to the soil degradation
of (S)-metolachlor (DTs,-value = 39-63 days) the fluorinated pyroxasulfone has
a slightly higher dissipation half-life DT.,-value in soil, which varied from 47 to
134 days [20].

11.3.1.5 Auxin Herbicides
Auxin mimic herbicides (or synthetic auxins) were the first selective a.i.s developed
for weed control [21]. Synthetic auxin herbicides are generally known for their abil-
ity to selectively control annual and perennial broadleaf weeds in grass crops.
Discovery of aminopyralid in 1998 led to the identification of the 6-arylpicolinate
(6-AP) herbicide class and its very active 6-AP member with the substitution pattern
R =2'-F, 4-Cl (Figure 11.6).
The addition of a methoxy group at the 3’-position of the phenyl ring provided a
6-AP that exhibited a high level of herbicidal control of key dicotolydenous weeds.
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Aminopyralid Halauxifen methyl

Florpyrauxifen benzyl

Figure 11.6 Starting with aminopyralid the 6-arylpicolates were identified, which resulted
in halauxifen methyl and florpyrauxifen benzyl.

A rapid enzymatic degradation of the phenyl 3’-OMe and pyridine 2-COOMe-group
in aerobic soils leads to a 6-AP with phenyl 3’-OH and pyridine 2-COOH groups.

Enzymatic cleavage of the pyridine 2-COOMe group in planta of the proherbi-
cide [22] halauxifen methyl [23] results in a pyridine type auxin having physiolog-
ical and phenotypic effects similar to those induced by the natural plant hormone
indole-3-acetic acid (IAA) [24].

The pyridine 2-COOH group leads to a significantly lower soil half-life range of
10-30days and is vital for phloem-trapping as well as for binding interactions that
result in a broad-spectrum herbicidal effect. A chlorine atom in the 3-position of the
pyridine moiety of halauxifen methyl is important for its potent herbicidal activity;
other halogen atoms such as fluorine or bromine in the 3-position are less active and
the des-halogen analog is substantially less active (3-H < 3-F ~ 3-Br < 3-Cl). Further
evaluation in global field trials identified utility for dicotolydenous weed control in
the wheat and barley markets.

The 5-fluorine analog of florpyrauxifen benzyl (benzyl instead of methyl, see
halauxifen methyl, Figure 11.6) [25] has potent and broad-spectrum herbicidal
activity with excellent selectivity in rice. The replacement of the 5-fluorine atom
by hydrogen or other halogen atoms at the pyridine ring leads to a decrease of
herbicidal activity (5-Br < 5-Cl< 5-H < 5-F) against dicotolydenous weeds at an
application rate of 17.5 g/ha (Figure 11.6).

11.3.1.6 Hydroxyphenylpyruvate Dioxygenase Inhibitors

The enzyme hydroxyphenylpyruvate dioxygenase (HPPD) catalyzes an early step in

the tyrosine degradation pathway that is widely distributed in nature. The treatment

of weeds with HPPD inhibitors causes a significant accumulation of tyrosine [26].
The HPPD inhibitor bicyclopyrone (Figure 11.7) [27] belongs to the general class

of nicotinoyl cyclohexane dione herbicides. It has been launched as a selective
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herbicide in corn and sugarcane for low rate control of broad leaves and grass weeds
either as part of a mixture or as a single a.i.

The improved activity of bicyclopyrone compared to other herbicides such as
mesotrione arises in part from the bicyclo[3.2.1]octane-2,4-dione moiety, which
fits very well in the binding site of the HPPD enzyme [28] and protects the C—H
bonds adjacent to both ketones from too rapid a metabolism by the cytochrome P,
enzymes in grass weeds.

11.3.1.7 Selected Fluorine-Containing Herbicide Development Candidates

A new PPO inhibitor, the benzoxazinone triazinone herbicide trifludimoxazin (pro-
visionally approved by ISO) [29], is under development (see Section 3.1.2). It con-
tains a novel gem-difluorinated oxazinone ring system (Figure 11.8) and is useful
for controlling PPO-herbicide-resistant problem weeds such as pigweed (Amaran-
thus palmeri) and has also been shown to control burndown of grass weed such as
ryegrasses (Lolium perenne) by foliar application prior to crop planting (e.g. maize,
soybeans, small-grain cereals).

The new herbicidal class aryl pyrrolidinone anilides target dihydroorotate
dehydrogenase (DHODH), a key enzyme in de novo pyrimidine biosynthesis, such
as the development product from FMC tetflupyrolimet (provisionally approved by
ISO) with (3S,4S)-configuration (Figure 11.8) [30]. The herbicide is selective for
grass control in rice. The target site was discovered using a combination of forward
genetic screens and metabolomics approaches and confirmed by determining
intrinsic affinities of specific analogs using biochemical methods [31]. The presence
of the ortho-fluorine atom and meta-trifluoromethyl group at both phenyl rings and
the N-methyl group of the lactam moiety are required for good herbicidal activity.

Trifludimoxazin Tetflupyrolimet

Figure 11.8 Herbicide development candidates trifludimoxazin and tetflupyrolimet.
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11.3.2 Fungicides Containing Fluorine

11.3.2.1 Fungicidal Succinate Dehydrogenase Inhibitors

Today, SDH inhibitors are a nearly four-decade-old innovation, which began in the
1970s with small narrow spectrum seed treatment agents and which started over
in the 1990s with their derivatization to broad-spectrum fungicides and resulted in
boscalid.

After establishment of the first fluorinated pyrazole-4-carboxamides such as
bixafen and penflufen in the market, the latest six succinate dehydrogenase
inhibitors (SDHIs) fungicides of this structural type possess a high level of effi-
cacy against numerous important cereal crop pathogens such as fluxapyroxad
[32], isopyrazam [33], sedaxane [34], penthiopyrad [35], benzovindiflupyr [36],
or inpyrfluxam [37] have been introduced based on an economical industrial
synthesis of 3-difluoromethyl and 3-trifluoromethyl-pyrazol-4-yl-carboxylic acids as
intermediates (Table 11.1). They contain mostly chiral hydrophobic moieties at the
“amide linker,”, which are usually phenyl and thienyl groups (penthiopyrad) that
are substituted in the ortho-position by 3,4,5-trifluorophenyl or by a larger branched
or bicyclic residue. It seems that the angle defined by the amide linker and the
ortho-substituted “hydrophobic moiety” in the phenyl or thienyl rings is important
for the fungicidal spectrum and potency of SDH-inhibiting fungicides [38].

Much progress has been made in producing bulk quantities of fluorinated inter-
mediates such as difluoroacetylfluoride and the respective chloride, difluoroacetic
acid esters, and amides thereof, as well as in overcoming the regioselectivity problem
of the 3-difluoromethyl-substituted 1-methyl-1H-pyrazole-4-carboxylic acid synthe-
sis by ring closure reaction [39].

Except the last launched (R)-enantiomer inpyrfluxam, none of the other com-
mercialized SDH-inhibiting pyrazole-4-carboxamide fungicides are produced in an
enantiomerically enriched form.

Fluxapyroxad is a broad-spectrum carboxamide fungicide that can be applied in
various mixtures on a wide range of crops such as cereals, fruit, vegetables, and seed
treatment with a broad pathogen spectrum.

Isopyrazam, a mixture of syn- and anti-isomers, is a carboxamide developed to
control black sigatoka (Mycosphaerella fijiensis), a leaf-spot disease in banana pro-
duction.

Sedaxane has been developed for seed treatment and controls seed- and soil-borne
fungi such as Monographella nivalis, Typhula incarnate, and Rhizoctonia spp. in a
broad range of crops. Its high intrinsic activity based on the physicochemical prop-
erties (logPqy-value = 3.3 at 25 °C; water solubility = 14 mg/1) is influenced by the
3-(difluoromethyl)-1-methyl-1H-pyrazol-4-yl-carboxamide moiety.

Penthiopyrad, which has mainly contact and only locally systemic efficacy, is
active against foliar and key soil-borne pathogens such as white mold (Sclerotinia
sclerotiorum), brown patch (Rhizoctonia solani), and southern blight (Sclerotium
rolfsii), and is also active against other diseases.

In comparison with the foliar applicable isopyrazam, the benzonorbornene car-
boxamide benzovindiflupyr contains a dichloromethylene [=CCl,]-fragment in the
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Table 11.1 From boscalid and bixafen to fluorinated 3-(difluoromethyl or
trifluoromethyl)-1H-pyrazole-4-yl-carboxylic acid structures of SDHI fungicides.
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a) Isopyrazam in a mixture of 97% syn-isomer and 3% anti-isomer.
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Figure 11.9 Structures of the SDHI fungicides pyraziflumid and pydiflumetofen.

9-position. Benzovindiflupyr is a broad-spectrum fungicide, which can be applied
as a mixture with azoxystrobin that controls rust pathogen diseases, including the
speckled leaf blotch fungus (Zymoseptoria tritici), and has excellent activity against
soybean rust (Phakopsora pachyrhizi).

As (R)-enantiomer inpyrfluxam is a broad-spectrum fungicide, especially highly
effective against Basidiomycetes, such as rust diseases and Rhizoctonia. It demon-
strates favorable biological properties against Asian soybean rust.

Pyraziflumid (Figure 11.9) [40] is another carboxamide with a biphenylaniline
moiety making it closely related to the other SDHI fungicides such as boscalid, bix-
afen, and fluxapyroxad.

Therefore, its 2-(3,4-difluorophenyl)aniline derivative can be easily prepared
using the Suzuki-Miyaura methodology leading to boscalid’s biphenylamine or the
Negishi coupling delivering the amine moiety of fluxapyroxad. It was found that
pyraziflumid exhibited strong activity against S. sclerotiorum in vitro and had a good
protective and curative effect on leaves of rapeseed. Pyraziflumid has a potential
application for managing Sclerotinia stem rot (SSR) caused by S. sclerotiorum [41].
With its unique 2-trifluoromethylpyrazine-3-carboxylic acid, pyraziflumid is, after
boscalid, the second SDHI fungicide that has a six-membered heterocyclic moiety
as the carboxylic acid portion.

Pydiflumetofen (Figure 11.9) [42], which contains the racemic [-MeHC-CH,-]
fragment, an additional N-methoxy group, and 3-difluoromethyl-1-methyl-1H-
pyrazole as well as 2,4,6-trifluorophenyl moieties, allows excellent control of
powdery mildew and leaf spot disease. In Argentina, a mixture of pydiflumetofen
and difenoconazole was introduced for the control of diseases such as powdery
mildew on peppers and gray leaf spot on tomatoes. This is very effective in case
of diseases that are hard to control, such as Fusarium and other fungi that cause
serious damage to the crops.

11.3.2.2 Complex Il Inhibitors

Tebufloquin (Figure 11.10) [43] belongs to the chemical class of quinolines, and is
classified as unknown according to the FRAC Code List although it is reported to be
an inhibitor of the respiratory chain on the level of complex III with an unknown
binding site [44].
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Therefore, it has no cross-resistance with other existing fungicides. Tebufloquin
is a rather unipolar compound that demonstrates surprisingly high water solubility
(0.0202 g/1) with respect to its lipophilicity (logP,,, at 23°C = 4.02).

Tebufloquin has been developed mainly for the control of rice blast (Magnaporthe
grisea). The product can be used to control this disease under both protective and
curative conditions with application rates of 600-800 ga.i./ha (in case of dust for-
mulation).

11.3.2.3 Sterolbiosynthesis (Sterol-C,,-Demethylase) Inhibitors

The main MoA of 1,2,4-triazole fungicides is the inhibition of the cytochrome-P ;-
dependent C,,-demethylation of the intermediate C,,-methylene-dihydrolanosterol
in the sterol biosynthesis pathway of fungi. Today, the C,,-demethylase in sterol
biosynthesis is the common target for more than 30 fungicides used in modern crop
protection [45].

The racemic mefentrifluconazole (Figure 11.11) is a novel triazole fungicide
inhibiting the fungal cytochrome P, sterol-C,,-demethylase (CYP51A1) with high
intrinsic activity and good mobility, which shows a rapid uptake and translocation
via xylem enabling control of the fungal stages that have already colonized in deeper
tissue layers [46].

Mefentrifluconazole provides excellent efficacy against a wide spectrum of foliar
diseases including key diseases such as septoria leaf blotch (Z. tritici), brown rust
wheat (Puccinia triticina), apple scab (Venturia inaequalis), powdery mildew (Unc-
inula necator) in grapes, and various diseases in corn, soybean, rice, turf, and veg-
etable.

11.3.2.4 Polyketide Synthase Inhibitors

The initial enzyme in the 1,8-dihydronaphthalene (DHN) biosynthetic pathway - a
specific PKS - is an interesting target for melanin biosynthesis inhibitors (MBIs).
Although PKSs with diverse functions are identified in many different organisms,
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Table 11.2 Activities of tolprocarb and its derivatives during structure optimization.

PKSI-A MBI-A minimum inhibitory
R! R? IC;, (HM) concentration (MIC) (ppm)
iso-Bu Me 4.86x 107! 100
iso-Pr SO,Me 4.16x107! 100
H Me 2.01x107! 5
iso-Pr CF, 9.82x 1072 2.5
n-Pr Me 6.93x 1072 1
iso-Pr Cl 3.23x1072 1
iso-Pr Me 3.05x 1072 0.2
(Tolprocarb)

Tolprocarb is the commercial product. All other derivatives are derivates obtained during its
optimization.
Source: Data from Schindler et al. [47].

very few inhibitors of PKSs have been identified, and ever fewer inhibitors of the
PKS involved in melanin biosynthesis [47].

A series of racemic [2,2,2-trifluoroethyl [[(benzoyl)amino]methyl]alkyl]
carbamates were synthesized and evaluated for fungus Pyricularia oryzae PKS
polyketid synthase inhibitory activity (PKSI-A) and melanin biosynthesis inhibitory
activity (MBI-A) to verify their target sites and investigate the structure-activity
relationship (SAR) (Figure 11.12) [48].

A significant correlation between PKSI-A and MBI-A was found, confirming that
the inhibition of PKS activity leads directly to the inhibition of melanin biosyn-
thesis in P. oryzae. This was exemplified by the ranking of activities regarding the
substituents R! and R?, respectively. The hydrogen at R! reduced both PKSI-A and
MBI-A (R! = iso-Bu <« H < n-Pr < iso-Pr) (Table 11.2).

The enantiomers are clearly different - the (S)-enantiomer exhibited one of the
highest levels of PKSI-A, whereas the (R)-enantiomer was inactive. Hydrophobic
substituents at R? exhibited higher PKSI-A than the hydrophilic methyl sulfonyl
group (R? = SO,Me <« CF, < Cl < Me) (Table 11.2).

As (S)-enantiomer tolprocarb inhibits DHN melanin biosynthesis by inhibiting
the PKS activity in the rice blast (M. grisea) fungus P. oryzae, tolprocarb is effective
for rice blast control not only by foliar application but also by absorption via the
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roots. The MoA seems to be distinct from that of conventional melanin biosynthesis
inhibitors (cMBIs).

11.3.2.5 Oxysterol-Binding Protein Inhibitors

Oxathiapiprolin [49] is the first member of a new class of piperidinyl thiazole isox-
azoline fungicides with exceptional activity against diseases caused by oomycetes
pathogens, resulting in excellent preventative, curative, and residual efficacy against
key diseases of grapes, potatoes, and vegetables [50]. The discovery of the racemic
oxathiapiprolin began with the high-throughput screening (HTS) of a purchase
bis-amide compound library built around a piperidine-thiazole-carbonyl core [51].
The lead structure with >90% control of preventive and curative tomato late blight
(Phytophthora infestans) and curative grape downy mildew (Plasmopara viticola)
was observed at an application rate of 10 ppm (Figure 11.13).

After the first major optimization by incorporation of the 5-methyl-3-(trifluoro-
methyl)-1H-pyrazole moiety (pyrazole substitution pattern: 3-Me/5-Me ~ 3-
Br/5-Br ~ 3-Cl/5-Cl < 3-CF,/5-CF; ~ 3-CF,/5-Cl ~ 3-CF,/5-Et ~ 3-CF,/5-Me), a
20-fold increase in activity with >90% control of preventive and curative P. infestans
and curative P. viticola was observed at an application rate of 10 ppm. As a mixture
of 5-methyl-3-(trifluoromethyl)-1H-pyrazole, which has been selected as important
for its xylem mobility, and a 2,6-difluoro-phenyl moiety, the oxathiapiprolin
demonstrates a 10-fold increase in activity with >90% control of preventive and
curative P. infestans and curative P. viticola at an application rate of 0.02 ppm.
Furthermore, it is highly active against plant diseases caused by Oomycete
pathogens.
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Figure 11.13 Based on HTS and the right optimization strategy, the fungicide
oxathiapiprolin has been identified.
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An OSBP has been identified as the target for oxathiapiprolin, which is a novel
MoA for fungicides. While established products need 100 g a.i. or more per hectare to
efficiently control P. infestans and P. viticola in grapes, potatoes as well as vegetables,
oxathiapiprolin achieves the same effect with lower use rates (12-30ga.i./ha) by a
factor of 10.

The systemic oxathiapiprolin has excellent (1) preventative activity by inhibition
of zoospore release and blocking the zoospore as well as sporangia germination;
(2) curative efficacy by blocking the mycelial growth within the host plant; and (3)
post-infection activity by blocking mycelial growth and inhibition of further lesion
expansion. In addition, as an anti-sporulant, oxathiapiprolin inhibits spore produc-
tion and viability.

11.3.2.6 Selected Fluorine-Containing Fungicide Development Candidates
Currently, two further broad-spectrum SDHI fungicides are under development.
The racemic fluindapyr (provisionally approved by ISO; Figure 11.14) containing
a 7-fluoro-1,1,3-trimethyl-indan-4-yl moiety is structurally similar to inpyrfluxam
(1,1,3-trimethyl-indan-4-yl moiety, (R)-enantiomer; Table 11.1). It is useful for pre-
ventive and curative control of fungal diseases, especially on cereals, soybean, rice,
tree nuts, rape, maize, and tobacco, combined with very low to zero phytotoxicity
(PTX) to target crops.

Isoflucypram (provisionally approved by ISO, Figure 11.14) exhibits a high level
of efficacy for the control of leaf spot diseases such as speckled leaf blotch (Septoria
tritici), rust, and other diseases on a broad range of crops. Isoflucypram originates
from a mix and match approach by combining key fragments from two fungicidal
active molecules. The importance of the N-substitution in combination with the
3-(difluoromethyl)-5-fluoro-1-methyl-pyrazole-4-carboxamide moiety was exempli-
fied by the ranking of N-substituents in the biochemical complex II assay at gray
mold (Botrytis cinerea): iso-Pr < Et, H < cyclo-Bu < cyclo-Pr.

The new neopicolinamide florylpicoxamid (Figure 11.14) [52] fungicide was
inspired by the natural product UK-2A, a fungicidally active, natural metabolite
isolated from Streptomyces sp. 517-02 [53]. The design of the (1S,2S)-diastereomer
florylpicoxamid focused on retaining structural features criteria to binding at the
ubiquinone Q; target site of mitochondrial complex IIT of the respiratory chain
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Figure 11.14 Fungicide development candidates fluindapyr, isoflucypram, and
florylpicoxamid.
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Saccharomyces cerevisiae. It shows control of wheat leaf blotch and other important
diseases in many crops.

11.3.3 Insecticides Containing Fluorine

11.3.3.1 Nicotinic Acetylcholine Receptor Competitive Modulators

One of the insecticide molecular target sites of importance is the nAChR, which
plays a central role in the mediation of fast excitatory synaptic transmission in the
insect CNS. The global economic success of synthetic nAChR competitive modula-
tors as insecticides has been broadly reviewed in various articles and book chapters
over the past decade [54].

The IRAC has assigned in the Main Group 4 with the primary site of action
“nAChR competitive modulators” the five chemical subgroups: 4A Neonicotinoids,
4B Nicotine, 4C Sulfoximines, 4D Butenolides, and 4E Mesoionics, which are
distinct from each other.

The discovery of the insecticidal active sulfoximines combined with the launch of
sulfoxaflor in 2012 has been the starting point for commercialization of fluorinated
nAChR competitive modulators. Followed by butenolides (flupyradifurone, 2015)
as the second class of fluorine-containing nAChR competitive modulators, the
mesoionics (triflumezopyrim, 2018) complete the insecticide market as the third
class.

11.3.3.1.1 Sulfoximines
The SAR of sulfoximines such as the racemic sulfoxaflor is directed toward
the [NC-N=S(O)-]-pharmacophore. In addition, the effect of substitution (R!)
on the methylene bridge has shown that a dramatic difference in potency was
observed between the unsubstituted and the methyl- or fluorine-substituted pairs
(R'=H<«Me~F)[55].

The substituent R? other than methyl did not further increase the insecticidal
activity. On the other hand, the pyridine moiety of sulfoxaflor has shown that the
replacement of its 6-trifluoromethyl by non-halogenated groups (R® = OMe <
COOMe < CN < Me, LC,,-value = 2.83 ppm) resulted in a significant decrease of
activity against the green-peach aphid (Myzus persicae). Furthermore, replacement
of the 6-trifluoromethyl group by halogen atoms (X = F<Br<I< CI<CF;,
LCyy-value = 0.11 ppm) resulted in lower activity against M. persicae as well
(Figure 11.15).

Despite a close structural similarity to sulfoxaflor, the so-called sulfoxaflor analogs
show a clear ranking according to their insecticidal potency against green-peach

R’ o Meo
n 2 Me
= S’R 9 Me = g,Me
- | "\] | E— = S- ———> E - | ,'\i
R8N “CN 0% BN “CN
FsC7 N “CN X
Sulfoximine insecticides Sulfoxaflor XF,C-Sulfoxaflor analogs

Figure 11.15 Sulfoxime insecticides such as sulfoxaflor and XF,C-sulfoxaflor analogs.
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Table 11.3 Activities of sulfoxaflor and XF,C-pyridinyl analogs.

X Green-peach aphid (Myzus persicae) LC,-value (ppm)
CF,CF, 200

CF, 45.5

Me 14.8

H 0.98

Cl 0.11

F 0.11 (Sulfoxaflor)

Sulfoxaflor is the commercial product. All other derivatives are derivates obtained during its
optimization.
Source: Data from Loso et al. [55].

aphid (M. persicae) demonstrating the strong influence of X in the 6-XF,C-pyridinyl
moiety (Table 11.3). While the replacement of one fluorine in the 6-F;C-group of
sulfoxaflor by chlorine (X = Cl) resulted in a similar activity of both sulfoxaflor
and closely related N-cyano-sulfoximine, the replacement by hydrogen and methyl
already resulted in a decrease of activity by the factors 9 and ~135. Somewhat more
impressive is the replacement of one fluorine in the 6-F,;C-group of sulfoxaflor
by a perfluoroalkyl group such as trifluoromethyl (X = CF;) and the long-chain
heptafluoro-n-propyl rest (X = CF,CF;), which lead to a decrease of activity by the
factors ~414 and 1818.

To understand the rationale behind the loss of insecticidal activity the mode of
binding of sulfoxaflor and its 6-pentafluoro-analog to the acetylcholine binding
protein (AChBP) from Aplysia californica acetylcholine binding protein (AcAChBP)
has been investigated [4c]. It seems that the 6-(F,CF,CF,C)-group in 6-position
of the pyridine is much larger than a F,;C-group and is unfavorable for the
ligand-receptor interaction. Therefore, the result is a loss of insecticidal activity for
this analog (X = CF,CF; < F).

11.3.3.1.2 Butenolides

The structural requirements of pyridine ring-containing butenolides such as
flupyradifurone (6-Cl; R! = CH,CHF,, R? = H) consist of the new bioactive buteno-
lide pharmacophore. According to the SAR of butenolides one or two substituents
such as halogens in 5- and/or 6-position of the pyridine ring were used as promising
starting points for the structure optimization steps (5-CHF,, 6-Cl, 6-CF; < 6-Br,
6-F < 6-Cl) (Figure 11.16).

Substituents R? other than hydrogen, e.g. halogen or alkyl, did not further
increase the insecticidal activity. The variation of the N-substituent R! can be more
diverse; smaller alkoxy (OMe), alkyl (Me, Et), or cycloalkyl (cyclo-Pr) residues
ensure good insecticidal activity. However, fluorine-containing substituents R! such
as CH,CH,-X (X = CH,CF, < CF, < CH,F < F) reflected an interesting insecticidal
potency against green-peach aphid (M. persicae) [56].
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Figure 11.16 Discovery of butenolide insecticides and side chain optimization resulted in
flupyradifurone.

Further optimization of 6-chloro-pyridine-3-yl-containing butenolides hav-
ing a N-2,2,2-trifluoroethyl residue (Z = F) demonstrates a very good activity
against the green-peach aphid (M. persicae). But, replacement of hydrogen in
the 2-position (Z) of the N-2,2-difluoroethyl side chain by halogen or (halo-
gen)alkyl resulted in lower insecticidal activity against the green-peach aphid
(M. persicae) (Z = CF; < CHF, <Me ~F <H) and mustard leaf beetle (Phaedon
cochleariae) (Z = Me, CHF,, CF,<F<H), respectively. However, replace-
ment of the N-2,2-difluoroethyl (Z = H) by a 2-chloro-2-fluoro-ethyl residue in
flupyradifurone led to lower activity against both insect species (Figure 11.16).

The influence of the N-2,2-difluoroethyl side chain is remarkable and unique for
the butenolide class, which could be exemplified by replacement of the N-ethyl- or
N-methyl groups in the neonicotinoids, nitenpyram, clothianidin, and acetamiprid
with the N-2,2-difluoroethyl group (Table 11.4).

In the case of nitenpyram, the replacement of the N-ethyl- with N-2,2-difluoroethyl
group results in a 1250 times weaker insecticidal activity against cotton aphid
(Aphis gossypii). A similar decrease of insecticidal potency was observed for
the N-2,2-difluoroethyl-substituted analog of clothianidin (125 times weaker
than clothianidin) and acetamiprid (10 times weaker than acetamiprid) against
green-peach aphid (M. persicae) and southern green stink bug (Nezary viridula),
respectively. In contrast, the replacement of the N-methyl- and N-ethyl substituents
in the butenolides with the N-2,2-difluoroethyl group leads to flupyradifurone
showing a five times higher insecticidal activity against cotton whitefly (Bemisia
tabaci).

In this context, it was found that flupyradifurone shows only little or no
cross-resistance in whitefly (B. tabaci) strains metabolically resistant to neon-
icotinoids such as imidacloprid. In comparison with imidacloprid as a typical
neonicotinoid representative, it was found that the butenolide pharmacophore
moiety in combination with the unique N-2,2-difluoroethyl residue in flupyradi-
furone increases its insecticidal activity and prevents the oxidative metabolization
by CYP6CM1 [57]. Furthermore, it was found by creation of a homology model
of sensitive aphid nAChR (M. persicae) that flupyradifurone can interact with
tyrosine (Tyr)-residues from the o subunit in a “H-bridge-like fashion” to the
hydroxy function of these amino acids through its N-2,2-difluoroethyl side chain
[58]. This H-bridge-like interaction is not possible for the other nAChR competitive
modulators investigated.
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Table 11.4 Comparison of insecticidal activities of neonicotinoids with their
N-2,2-difluoroethyl analogs and butenolides with flupyradifurone against different insect
species.

Me
HN .
HN N
_ NJ\/NOZ oz /g =
L o
CI”>N
Nitenpyram (R = Et) Clothianidin (R = Me) Acetamiprid (R = Me) Flupyradifurone
(R = CH,CHF,)
Insecticidal Insecticidal
IRAC class Common name or Tested against  activity activity
(subgroup) IUPAC name insect species R = Alkyl R = CH,CHF,
Neonicotinoids Nitenpyram Aphis gossypii R = Et, 20 ppm a.i.
(4A) 0.016 ppm a.i.
Clothianidin Myzus persicae R = Me, 100ga.i./ha
0.8ga.i./ha
Acetamiprid Nezary viridula R = Me, 100ga.i./ha
10ga.i./ha
Butenolides 4-[(Methylamino)-2  Bemisia tabaci R = Me, 4ppma.i.
(4D) (5H)-furanone 20 ppm a.i.
4-[(Ethylamino)-2 Bemisia tabaci R =Et, 4ppma.i.
(5H)-furanone 20 ppm a.i.
Source: Data taken from Jeschke et al. [57].
F
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Figure 11.17 From fungicidal active compounds to mesoionic insecticides such as
triflumezopyrim.

11.3.3.1.3 Mesoionics
Mesoionics is a dipolar compound class that resulted from a fungicides program, in
which selected candidates such as the first lead structure 3,4-dihydro-2,4-dioxo-1-(5-
propyl)-3-[3,5-difluoro-phenyl]-2H-pyrido [1,2-a]pyrimidinium (inner salt and tau-
tomers for the negative charge given) showed modest activity (LCy, = 50 ppm a.i.)
against the corn plant hopper (Peregrinus maidis) (Figure 11.17).

The first commercialized member of mesoionics triflumezopyrim [59] contains a
3-(trifluoromethyl)-phenyl moiety coupled with a mesoionic core and demonstrates
good activity against susceptible and neonicotinoid-resistant hopper species in Asia
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such as the rice brown plant hopper (Nilaparvata lugens) and white-backed plant
hopper (Sogatella frucifera).

Longer and branched N-alkyl residues (R!) did not further improve the insec-
ticidal activity. However, an increased efficacy against hopper species such as
the corn plant hopper P. maidis, brown plant hopper (N. lugens), and green
leafthopper (Nephotettix cincticeps) could be seen with replacement of n-propyl by
fluorinated alkyl groups R such as 1,1,1-trifluoro-2-propanyl or 2,2,2-trifluoroethyl
residues (R! = CH(CH,)CF;; R?> = 3-OCF;<«R! = CH,CF;; R* = 3-OCH,,
LCyy-value = 2-10ppm). Triflumezopyrim binds to the orthosteric site of the
nAChR and this physiological action is distinct from other nAChR competitive
modulators described in Section 3.3.1.

11.3.3.2 Ryanodine Receptor (RyR) Modulators

The first RyR modulators, the 1,2-benzenedicarboxamides, were reported in 1993
[60] and the anthranilic diamides in 1999 [61]. Flubendiamide (see structure in
Figure 11.18) and chlorantraniliprole were launched as the first diamides with
modulator activity at the RyR.

A few years ago, the modification of the lipophilic effect was the driving force for
the discovery of cyantraniliprole [62]. In this case, the reduction of the logP-value
by introduction of a cyano group (R!) into the phenyl moiety of chlorantranilip-
role by replacement of a chlorine atom (R!) resulted in increased water solubility
[61a]. In this context, an improvement of xylem systemic properties of cyantranilip-
role was observed, which correlates with broad activity against a wide spectrum of
lepitopteran and hemipteran pests [63].

Inspired by both successfully commercialized RyR modulators chloroantranili-
prole and cyantranili-prole, the preparation of tetraniliprole has been carried out.
Tetraniliprole contains a C,-linkered haloalkyl substituted 5-membered heterocycle
at the pyrazole moiety such as 5-trifluoromethyl-2H-tetrazol-2-ylmethyl instead of
bromine. By replacement of bromine in chlorantraniliprole (DT, = 431 days) by the
5-trifluoromethyl-2H-tetrazol-2-ylmethyl moiety the soil DT,-value was reduced to
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Figure 11.18 The anthranilic diamide insecticides chlorantraniliprole, cyantraniliprole,
and tetraniliprole.
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the value of 236 days, which could be further reduced significantly by introduction
of a cyano group (DT, = 83 days) (Figure 11.18).

During the structure optimization it was found that numerous further
methylene-substituted 5-membered heterocycles led to high biological activity as
exemplified by the [5-(trifluoromethyl)pyrazol-1-yllmethyl, [3-chloro-5-(1,1,2,2,2-
pentafluoroethyl)pyrazol-1-yl] methyl, or [3,5-bis(trifluoro-methyl)-1,2,4-triazol-1-
yl]methyl moieties.

Tetraniliprole demonstrates an outstanding crop protection against a broad spec-
trum of insect pests including lepidoptera, coleoptera, leafminer, and selected other
dipera and aphids. It can be applied as foliar and soil treatment from early to late
season.

11.3.3.3 GABA-Gated Cl-Channel Allosteric Modulators

The meta-diamides such as broflanilide [64] were discovered by structural modifi-
cation of the RyR modulator flubendiamide [61b]. Change of the amide group from
ortho- to meta-position resulted in a shift of the MoA (RyR modulator to GABA-CI
channel allosteric modulator, Figure 11.19). Broflanilide contains 12 “mixed” halo-
gen atoms, i.e. 1 bromine and 11 fluorine atoms, located in the 2-fluoro-benzamide
(ring A) as well 2-bromo-4-heptafluoro-iso-pyropyl-6-trifluoromethyl-phenyl (ring
B) as fragments of the molecule. Perhaps this enormous halogen content has been
selected probably in order to obtain lipophilicity by a high logP-value, essential for
the GABA target.

According to the SAR of meta-diamides, it was found that the activity against
oriental leafworm moth (Spodoptera litura) and diamondback moth (Plutella
xylostella) is preferred up to EC,, = 1.0 mga.i./l, if in ring A fluorine is in 2-position
(6-F < H < 4-F < 2-F). On the other hand, for an activity against cotton bollworm
(Helicoverpa armigera) up to EC,; = 0.1 mga.i./l the combination of bromine,
trifluoromethyl (2’-Br/6'-Br = 2'-CF,/6'-CF, <2'-Br/6’-CF;) together with the
strong lipophilic heptafluoro-iso-propyl substituent has to be present in ring B
(Figure 11.19) [65].

Broflanilide has a broad-spectrum activity (crop and non-crop pests) and can
be used in different crops and in professional pest management markets, e.g.
for control of lepidoptera, coleoptera, termites, ants, cockroaches, and flies. As
proinsecticide [22], broflanilide is probably metabolized by CYP,s,-mediated
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Flubendiamide First lead structure meta-Diamide Broflanilide

Figure 11.19 Flubendiamide (ortho-diamide) as lead compound for preparing
meta-diamides such as broflanilide. Source: Katsuta et al. [65].
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bioactivation to des-methyl-broflanilide (cleavage of the N-methyl group), which
acts as a noncompetitive GABA-R antagonist on a novel site in Drosophila
RDL GABA-Rs (resistant-to-dieldrin, RDL) [66]. Although the site of action for
meta-diamides seems to be overlap with that of glutamate-gated chloride (GluCl)
channel allosteric modulators such as avermectins and milbemycins, different
MoAs have been recently demonstrated [67]. Because of the high selectivity
of des-methyl-broflanilide, it has been postulated that broflanilide is effective
against pests with resistance to GABA-R channel blocker-type antagonists such as
fiproles.

Fluxametamid [68] is an isoxazoline insecticide (including syn-/anti-isomeric
methoxime group) with high insecticidal activity against various Lepidoptera,
Thysanoptera, and Diptera, and acaricidal activity (Tetranychidae). The racemic
fluxametamid is based on the lead structure (R!, R?, R® = CI, ring A) containing
an iso-butyl amide group in 4-position of ring B. As a major optimization step, ring
A was modified (R!, R® = CI, R? = H), and a 2,2,2-trifluoroethyl amide group was
introduced in 4-position of ring B together with a methyl group in 5-position.

Because of the lack of a cost-efficient asymmetric technology it is probable that
for the next few years, only the racemic mixture will be produced although the
(S)-enantiomer is more active. This economic decision correlates well with the
structurally related and commercial racemic isoxazoline ectoparasiticides fluralaner
(Figure 11.20) [69].

From fluralaner it is known that only the (S)-enantiomer is active with no adverse
effects caused by the (R)-enantiomer [70].

Fluxametamid is a ligand-gated chloride channel (LGCC) antagonist, inhibiting
GABA-gated chloride channels (GABA-Cls) and GluCl channels [71]. Flux-
ametamid exhibited similar levels of both activities in fipronil-susceptible and
fipronil-resistant arthropod pests. It was found that fluxametamid exerts distinctive
antagonism of arthropod GABA-Cls by binding to a site different from those for
existing antagonists. Fluxametamid has a high target-site selectivity for arthropods
over mammals.

Fluxametamid

Fluralaner

Figure 11.20 Discovery of fluxametamid in comparison with the structure of fluralaner.
Source: Weber and Selzer [69].
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11.3.3.4 Selected Fluorine-Containing Insecticide Development Candidates
Benzpyrimoxan (provisionally approved by ISO) [72] is an extremely promis-
ing hopper insecticide with high nymphicidal activity against rice plant
hoppers such as brown plant hopper (N. lugens) as well as white-backed
plant hopper (Sogatella furcifera) and a low impact on non-target organisms
including pollinators and beneficial arthropods. Based on the SAR of lead
structure, the activity against brown plant hopper (N. lugens) is preferred up to
LCy, = 0.3mga.i./l, if R is a trifluoromethyl-group in 4-position (R = H~4-F ~2-
CF, < 3-CF, ~ 4-SCF, < 4-OCF, < 4-CF;) (Figure 11.21) [73].

Benzpyrimoxan shows molting inhibition different from that of known insect
growth regulators (IGRs). Its field biological performance at 50-75 g a.i./ha revealed
a favorable environmental profile without any resurgence and with high activity
even against plant hoppers such as N. lugens in rice ecosystem that had developed
resistance to major chemical classes of insecticide.

Oxazosulfyl (provisionally approved by ISO) is a novel sulfyl insecticide
(F,C-S0O,-group) processing a potent and broad-spectrum insecticidal activity for
insect control in rice fields (Figure 11.13).

Isocycloseram (containing 80-100% of the (5S,4R)-isomer); provisionally
approved by ISO), is a broad-spectrum insecticide and acaricide, which shows activ-
ity against lepidopteran, hemipteran, coleopteran, thysanopteran, and dipteran pest
species (Figure 11.21). Similar to fluxametamid (see Section 3.3.3) isocycloseram
is a GABA-gated CI-channel allosteric modulator and acts as a noncompetitive
GABA-gated chloride channel antagonist at a site different from known antagonists
such as fiproles and cyclodienes.
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Figure 11.21 Insecticide development candidates benzpyrimoxan, oxazosulfyl, and
isocycloseram.
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11.3.4 Acaricides Containing Fluorine

11.3.4.1 Mitochondrial Complex Il Electron Transport Inhibitors

Pyflubumide is a carboxanilide, containing a 4-(1-methoxy-hexafluoro-iso-propyl)-
substituted aniline moiety [74]. This is also structurally inspired by the
heptafluoro-iso-propyl residue (Z = F) from the insecticide flubendiamide
(see Section 3.3.2). In this case, the 4-(1-methoxy-hexafluoro-iso-propyl) group
(Z = OMe) leads to an increased lipophilicity (logP-value = 5.34) of the acaricide
(Figure 11.22).

Both the bulky iso-butyl side chain and the N-methyl-1H-pyrazole carboxyl moi-
ety originated from SDHI fungicides such as the lipophilic penthiopyrad (see Section
3.2.1).

During the structure optimization it was found that the replacement of a
heptafluoro-iso-propyl (Z = F) residue by hexafluoro-iso-propyl (Z = H) residue is
important for the acaricidal activity against the two-spotted spider mite (Tetranychus
urticae) (Z = F< OMe < H) (Table 11.5).

However, the heptafluoro-iso-propyl residue (Z = F) sharply decreases the
acaricidal activity, because of the high lipophilicity. The hexafluoro-iso-propyl
residue (Z = H) leads to the most active derivative, but the high efficacy
is combined with raised toxicity. Therefore, the slightly more lipophilic
4-(1-methoxy-hexafluoro-iso-propyl) residue (Z = OCHj;) has been incorporated,

FsC Z FsC O-Me

CF3
Inspired by:
0 Me ]
N Me Me
R p—

CF3
Me
Me
Flubendiamide Me | N}//( Me
(insecticide) E— — — T we
N, Me N, N Me

. N
Penthiopyrad ) |
(fungicide) Me Me
Lead structure Pyflubumide

Figure 11.22 Based on both flubendiamide and penthiopyrad the acaricide pyflubumide
was discovered.

Table 11.5 Acaricidal activity of pyflubumide and precursor against two spotted spider
mite (Tetranychus urticae).

z R Tetranychus urticae LD, (mg a.i./l)
F H >300

H H 3-10

OMe H (NH-precursor) 10-30

OMe CO-iso-Pr (Pyflubumide) 1-3

Fluopyram is the commercial product. All other derivatives are derivates obtained during its
optimization.
Source: Data taken from Furuya et al. [74a].
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Figure 11.23 Acaricide development Me\/\o

candidate acynonapyr.
[/§\ N ~
FsC “O>N

Acynonapyr

which maintains the high acaricidal activity. Pyflubumide is a proacaricide
(R = CO-iso-Pr) similar to the B-ketonitriles. After N-deacylation, the NH-metabolite
(R = H) is highly inhibitory to mitochondrial respiratory chain (complex II) in
possibly a different binding manner from the known p-ketonitriles [75]. Perhaps
the result may have contributed to the suggestion that pyflubumide is useful for
future resistance management strategies for spider mites.

11.3.4.2 Selected Fluorine-Containing Acaricide Development Candidates
In the 1990s, Zeneca described special substituted azabicyclo[3.3.1]nonanes, which
have insecticidal activity against peach aphid (M. persicae) [76].

Two decades later, acynonapyr (provisionally approved by ISO; Figure 11.23), an
acaricide with a new substituted azabicyclo [3.3.1]nonane core, demonstrates useful
control of spider mites in vegetables, tea, and citrus fruits.

11.3.5 Nematicides Containing Fluorine

11.3.5.1 Nematicides with Unknown Biochemical MoA
The low toxic nematicide fluensulfone contains a [(3,4,4-trifluoro-3-buten-1-yl)
sulfonyl]-fragment. This influences the motility, inhibits development, egg-laying,
egg-hatching, feeding, and locomotion of plant-parasitic nematodes (PPNs) includ-
ing pleiotropic actions on root-knot nematodes (RKNs) (Meloidogyne spp.) as well
as the potato cyst nematode Globodera pallida and inhibits their development [77].
The SAR in fluensulfone of the fluorinated side chain is narrow and mainly
focused on the 3,4,4-trifluoro-3-buten-1-yl (R = F) or 4,4-difluoro-3-buten-1-yl
(R = H) residues (Figure 11.24).
The biochemical MoA of fluensulfone in nematodes is unknown so far [78]. It
was found that in insects, the gem-difluorovinyl derivatives inhibit the p-oxidation
of fatty acids in the mitochondria [79].

N Fo Rk R=Me <F,H
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Figure 11.24 Chemical structures of the nematicide fluensulfone including the SAR of
fluoroalkenyl nematicides.
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Figure 11.25 From N-[2-[5-(trifluoromethyl)-2-propyl]ethyl]-benzamides to fluopyram.

Table 11.6 Selection of physicochemical parameters of fluopyram and derivatives.

R! R2 MP (°C)? Log P-value?
Me Cl 107-109 2.95
CF, H 91-92 2.55
CF, CF, ND 3.48
CF, Cl1 (Fluopyram) 106-111 3.15

Data in bold type are physicochemical parameters of fluopyram. ND, not determined.
a) Melting points taken from Ref. [81].

b) Measurement of logP-values under acidic conditions.

Source: Modified from Suwa [81].

11.3.5.2 Nematicidal Succinate Dehydrogenase Inhibitors

The fungicidally active SDHI pyridinyl-ethyl benzamide fluopyram [80] has also
been launched as nematicide. Fluopyram is highly active against PPNs and inhibits
selectively the mitochondrial respiratory chain, which leads to severe depletion of
cellular energy (adenosine triphosphate [ATP]) resulting in very fast immobilization
of nematodes. Based on its physicochemical properties, which are clearly influenced
by the chlorine atom (R?) and both trifluoromethyl groups (R! in ring A and ring B)
(Figure 11.25; Table 11.6), drench, in-furrow application, and soil incorporation are
all possible.

Despite a similar range of the melting points, the trifluoromethyl group at the
phenyl moiety (ring A) in fluopyram leads to an increase of the logP-value, which
results in a stronger nematicidal activity (R' = Me < CF;) against the RKN Meloidog-
yne incognita. Replacement of its chlorine atom (R? in ring B) at the pyridine moiety
by hydrogen (R? = H) is correlated with a lower melting point and a lower logP-value
of 2.55, whereas its replacement by the trifluoromethyl group (R? = CF,) in ring B
is correlated with a much higher logP-value of 3.48. As a consequence, a decrease of
nematicidal activity (R? = CF, < H <« Cl) against the RKN can be observed.

11.3.5.3 Selected Fluorine-Containing Nematicide Development Candidates

Based on HTS of a compound library a lead structure with activity at a screen-
ing rate of 500 ppm against the RKN M. incognita was identified. The following
optimization program was directed at retention of the strong nematicidal activity
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Figure 11.26 Lead structure for optimized nematicides resulted in fluazaindolizine.

and elimination of plant PTX effects [82]. For compounds containing chlorine in
the 2-position of the phenyl moiety, the highest levels of activity were observed.
The 2-chloro-5-substituted analogs showed good nematicidal potencies up to
EC,, = 2.0ppm (R = 5-OCF, < 5-Br <« 5-Cl < 5-CF, < 5-OEt < H < 5-OMe < 5-Me)
with the single exception of the 5-trifluoromethoxy substitution (EC, = 32.6 ppm).

Biological characterization and field testing of the novel nematicidal sulfonamide
fluazaindolizine (provisionally approved by ISO; Figure 11.26 [83]) has demon-
strated excellent control of a range of PPNs, resulting in root protection and the
potential for increased yield.

The nematicide is highly specific for PPNs, and studies are suggesting a
novel MoA.

11.4 Summary and Prospects

The latest generation of modern crop protection compounds, including those in
the development pipeline, demonstrates that the impact of fluorine-containing
pesticides is still significant. The introduction of fluorine atoms or fluorinated
motifs into an a.i. can lead to an improvement or a decline in biological efficacy
as found, for example, in the new class of sulfoximine insecticides (sulfoxaflor)
for single fluorine vs. trifluoromethyl group as pyridinyl substituents (F < CF;).
Depending on the nature of the target for a.i.s, the ligand-target binding interactions
(MoA) can be influenced by the physicochemical property profile. Examples are
the fluorinated propesticides halauxifen-methyl, pyflubumide, and broflanilide,
which are affected by the special ADME parameter of the molecules, leading finally
to biological superiority of these propesticides over their non-modified analogs
[84]. With the fluorinated CBI indaziflam, a shift of the herbicidal MoA can be
achieved and the butenolide insecticide flupyradifurone has the ability to overcome
the detoxification enzyme CYP6CM1 in whiteflies. Furthermore, the fluorine
substitution pattern can influence soil stability and/or water solubility, which
was clearly demonstrated by herbicides such as pyroxasulfone, SDHI fungicides
such as fluxapyroxad, sedaxane, or benzovindiflupyr, and the new nematicides
fluenesulfone or fluopyram. The complexity of the SAR between different a.i.s
often prevents a clear prediction of whether fluorine atoms or fluorine-containing
substituents will enhance biological activity. Currently, pesticides substituted
with single fluorine atoms, or fluorine-containing groups such as difluoromethyl,
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trifluoromethyl, or difluoromethoxy are central because of their improved binding
to protein-type receptors by the so-called “polar hydrophobic effect.” The impact on
metabolic stability of polyfluorinated isopropyl substituents on aromatic rings has
been demonstrated.

Conversely, bacterial dehalogenases catalyze the cleavage of carbon-fluorine
bonds, which is a key step in aerobic mineralization pathways of many fluorinated
compounds, and carbon-fluorine bonds can have an extremely high stability [85].

Fluorinated molecules are therefore often resistant to degradation, representing
a potential environmental challenge. In this context, fungicides and herbicides
contain, in most cases, fluorine atoms, whereas nematicides and herbicides in
most cases contain “mixed” halogen atoms, for example, chlorine and fluorine.
Because of the increasing importance of SDHI fungicides in the last nine years,
the number of fluorine-containing fungicides is remarkable. However, the success
of fluorinated pesticides is not straightforward, and the industry is searching also
for non-halogenated pesticides as exemplified by the commercialized selective
herbicide tolpyralate for weed control, the SDHI fungicide isofetamid, the complex
IIT fungicide mandestrobin or picarbutrazox with an unknown MoA, the natural
product-derived insecticides lepimectine and afidopyropen. Nevertheless, there is
no doubt that fluorine atoms and fluorinated motifs will remain an important tool
to modulate the properties of a.i.s in modern agricultural chemistry.
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12.1 Introduction

In the past several decades, positron emission tomography (PET) has been a
rapidly developing nuclear imaging technique that emerged as a crucial tool
in preclinical and clinical disease diagnosis and therapy monitoring [1]. PET is
further used to perform pharmacokinetics and receptor occupancy studies in drug
development [2-4]. Compared with medical imaging techniques that primarily
provide structural and anatomical information, including magnetic resonance
imaging (MRI), computed tomography (CT), and ultrasound, PET provides
quantitative functional information about biological processes in target tissues
and organs. To date, PET is typically used in combination with CT or MRI for
anatomical orientation and tissue attenuation correction. As a noninvasive medical
imaging technique, PET has a high level of sensitivity, since only 107°-107% g of
radioactive PET tracer is needed for the high-quality imaging without eliciting
pharmacological effects [4]. Following the administration of a PET radioligand,
careful evaluation of radioactivity accumulation in the target organ allows nuclear
radiologists to draw conclusions on the patient’s health condition. PET imaging
is accomplished by the detection of PET probes labeled with frequently used
positron-emitting radionuclides including *C (carbon-11, t,,, = 20.4 minutes),
N (nitrogen-13, t,,, = 10.0minutes), '>O (oxygen-15, t,,, = 2.0 minutes), '*F
(fluorine-18, t;,, = 109.8 minutes), as well as several commonly used radiometals,
such as **Cu (copper-64, t, ,, = 12.7 hours), *Ga (gallium-68, t, ,, = 68 minutes), and
89Zr (zirconium-89, t,,, = 78.4 hours). Among these positron emitters, fluorine-18
is the most commonly used positron-emitting radionuclide, possibly owing to the
widespread use of ['®F]FDG (2-['®F]fluoro-2-deoxy-p-glucose), which is applied
in clinical routine to diagnose various cancer entities, ischemic heart disease, and
neurodegenerative brain disorders [1, 5, 6]. Fluorine-18 has an optimal half-life
(109.8 minutes) that provides sufficient time for multistep radiosyntheses and

Organofluorine Chemistry: Synthesis, Modeling, and Applications,
First Edition. Edited by Kalman J. Szab6 and Nicklas Selander.
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accumulation of '8F-labeled probes in target organs. Concurrently, the half-life
of 109.8 minutes limits the radiation burden for patients due to the relatively fast
decay after a PET scan. Moreover, fluorine-18 has a high p*-decay pattern (97%)
and a relatively low positron energy (0.635MeV), which confines positrons to a
short travel path, thereby leading to PET images with high resolution. Notably, the
reliable large-scale (several Curie) productions of [®F]fluoride provide excellent
molar activities. Attributed to these favorable characteristics of fluorine-18 and the
rapidly growing use of PET, there will be a continuous demand for novel 8F-labeled
methods to incorporate fluorine-18 into highly selective PET radiopharmaceuticals
for noninvasive assessment of physiological and pathological processes in the living
organism.

In this chapter, we summarize major developments and breakthroughs in
18F-labeling chemistry of PET radioligands in the past decade including elec-
trophilic 8F-fluorination with [®F]F, and ['®F]F,-derived reagents as well as
nucleophilic F-fluorination with [¥F]fluoride. Although stepwise '3F-labeling
methods involving the 8F-labeling of a prosthetic group [7, 8] and radiofluorina-
tions via B—, Al—, Si—, S—, and Ga—'3F bond formations [9-12] offer a solution
for the radiolabeling of complex biomolecules, these methods are out of the scope
of this book chapter.

12.2 Electrophilic 18F-Fluorination with [18F]F,
and ['8F]F,-Derived Reagents

[8F]F, was the first electrophilic 8 F-fluorination reagent produced via 2 Ne(d,a)'®F
or 80(p,n)!8F nuclear reaction, using nonradioactive [\°F]F, as a carrier. Impor-
tantly, the limited molar activity (the measured radioactivity per total amount in
mole of compound) of the resulting [*8F]F, constitutes a major drawback of this
approach, and typically ranges from 0.04 to 0.4 GBq/pmol (0.001-0.01 Ci/pmol).
Thus, an improved preparation of ['F|F, was suggested through gas-phase °F/8F
isotopic exchange between ["®F]CH,F and ['°F]F,, whereas the molar activity of
[8F]F, could be increased to 55 GBg/pmol (1.5 Ci/pumol) [13]. [*¥F]F, is a highly
reactive electrophilic ®F-fluorination reagent that often leads to !8F-labeling
with poor chemo- and regioselectivity as well as low radiochemical yields (RCY,
defined as the amount of activity in the product expressed as a percentage [%]
of starting activity used in the considered process [14]). The frequently observed
formation of isomeric by-products further complicates purification processes. In
order to overcome these limitations; several electrophilic ¥ F-fluorination reagents
have been developed from [¥F]F,, including O-®F reagents (['*F]FClO, [15],
[\®F]CF,OF [16], ['"8F]CH;COOF [17]), N-!8F reagents (N-[*®F]fluoropyridinium
triflate [18], 1-['®F]fluoro-2-pyridone [19], as well as the most recent ["8F]NFSI
(N-fluorobenzenesulfonimide) [20] and [*8F]Selectfluor [21]), and ['8F]XeF, [22],
which can be prepared through F/13F exchange between XeF, and ['*F]HF or via
treatment of XeF, with [!®F]fluoride in dichloromethane at ambient temperature
or in acetonitrile at elevated temperatures [23-25]. Among these electrophilic
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I8F-fluorination reagents, N-13F reagents such as [{¥F]NFSI and ['®F]Selectfluor are
more stable and easier to handle. Indeed, NFSI (N-fluorobenzenesulfonimide) is a
commonly used mild electrophilic fluorination reagent in organofluorine chemistry.
Accordingly, ['®8 FINFSI provides the possibility for chemo-, regio-, diastereo-, and
enantioselective '®F-fluorinations. In 2015, Gouverneur and coworkers reported an
enamine-mediated enantioselective 8F-fluorination of aldehydes with ["®F]NFSI
(Figure 12.1a) [26]. Enantioselective ¥F-fluorination of aldehydes was conducted
with a chiral imidazolidinone and ["®F]NFSI. This method was used in the synthe-
sis of (25,45)-4-['8F]fluoroglutamic acid in 62% RCC with high enantioselectivity
(>99% ee, enantiomeric excess) and high diastereoselectivity (19.1dr) in a one-pot,
three-step process including subsequent oxidation of -CHO to -COOH and depro-
tection. In 2017, Nodwell et al. developed a method for the selective photocatalytic
I8F-fluorination of nonactivated C—H bonds with ['¥F]NFSI in branched aliphatic
amino acids (Figure 12.1b) [27]. The two-step reaction involved initial hydrogen
atom abstraction from the tertiary carbon in the aliphatic chain of amino acids
mediated via the photoactivated decatungstate catalyst, followed by [®F]fluorine
atom transfer from ["®F]NFSI. This method provides direct access to several
18F-fluorinated branched aliphatic amino acids including 4-['3F]fluoroleucine
(4-['8F]FL), which was prepared in 23% decay-corrected RCY with no racemization.
Compared with ["®F]NFSI, ['3F]Selectfluor is more reactive, yet, a remarkably
selective electrophilic ¥ F-fluorination reagent. In 2010, Gouverneur, Luthra, Solin,
and coworkers developed ['®F]Selectfluor as a novel electrophilic ¥F-fluorination
reagent and utilized it in the ®F-fluorination of silyl enol ether and electron-rich
arylstannanes in 50% and 14-18% RCCs, respectively [21]. In 2013, Gouverneur
and coworkers extended the application of [®F]Selectfluor to the synthesis of
6-[1®FJFDOPA [28]. Two Ag-mediated methods were reported — one of them
involved the ¥F-fluorination of arylstannane precursors and subsequent deprotec-
tion (12% decay-corrected RCY) (Figure 12.1c). The second Ag-mediated method
described the '8F-fluorination of the respective arylboronic ester precursor and
subsequent deprotection (19% decay-corrected RCY) (Figure 12.1d).

12.3 Nucleophilic Aliphatic 8F-Fluorination

12.3.1 Transition Metal-Free Nucleophilic Aliphatic Substitution
with [*8F]Fluoride

Owing to the convenient and reliable production of [®F]fluoride with high
molar activities, nucleophilic ¥F-fluorination is more attractive than electrophilic
8F-fluorination with [8F]F, and ['8F]F,-derived reagents. Particularly, a high
molar activity is of paramount value for biological targets with low tissue abun-
dancy, including neurotransmitter receptors in the central nervous system (CNS).
The most frequently used nucleophilic aliphatic 3F-fluorination involves the
displacement of an adequate leaving group with ['8F]fluoride (Figure 12.2a). These
leaving groups can be -OTf (triflate), —OTs (tosylate), -OMs (mesylate), or halides.
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Figure 12.1 Examples of electrophilic radiofluorination via [*¥F]NFSI or [*8F]Selectfluor.
Source: (a) From Buckingham et al. [26]. © 2015 John Wiley & Sons. Reprinted with
permission of John Wiley & Sons; (b) From Nodwell et al. [27]. © 2017 American Chemical
Society. Reprinted with permission of American Chemical Society.

The leaving ability decreases in the following order: -OTf> -OTs ~ -OMs > -1> -
Br > -Cl. The most representative example for nucleophilic aliphatic substitution
with [*®F]fluoride is [**F]FDG. Initially, ["*F]FDG was prepared via electrophilic
18F-fluorination of 3,4,6-triacetyl-p-glucal with [®F]F, in low RCY and poor
molar activity [32]. To date, [®®F]FDG is produced via treatment of commer-
cially available tetra-O-acetyl-mannose triflate with [®F]KF/K,,,, followed by
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Figure 12.2 Nucleophilic aliphatic substitution reactions with [*8F]fluoride. Source: (b)
From Hamacher et al. [29]. Reprinted with permission of Society of Nuclear Medicine and
Molecular Imaging; (c) From Kim et al. [30]. Reprinted with permission of Elsevier; (d)
Modified from Kim et al. [31].

deprotection, with an RCY of up to 75% (decay-corrected) (Figure 12.2b) [29].
Indeed, a plethora of other alkyl fluorides were radiofluorinated by nucleophilic
aliphatic substitution with [!8F]fluoride. Nucleophilic aliphatic ¥F-fluorination
is typically performed in polar aprotic solvents, such as MeCN, DMF, and
DMSO to accomplish optimal F-incorporation. Remarkably, Chi and cowork-
ers reported on the nucleophilic ¥F-fluorination of aliphatic mesylates in ionic
liquid (Figure 12.2c) [30]. This reaction exhibited high tolerance for water and
an increased rate of radiofluorination, along with a decreased formation of
undesired by-products such as alkenes, alcohols, or ethers. In 2006, the same
research group further developed the nucleophilic aliphatic ®F-fluorination in
protic solvents by applying protic tert-butyl alcohol as solvent, thereby mim-
icking the use of ionic liquids (Figure 12.2d) [31]. Several PET tracers were
prepared via this method in higher RCYs than originally described in traditional
I8F-fluorination approaches using polar aprotic solvents. For instance, ['®F]FP-CIT
(N-(3-["8F]fluoropropyl)-2p-carbomethoxy-3p-(4-iodophenyl)nortropane) was
produced in 36% RCY (decay-corrected), which was substantially higher compared
to its preparation in aprotic MeCN (1% RCY) [33].
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Figure 12.3 '8F-Fluorination with [*F]PyFluor or [*¥F]fluoride in the presence of
fluorinase. Source: (b) From Martarello et al. [35]. © 2003 John Wiley & Sons. Reprinted
with permission of John Wiley & Sons.

I8F-Labeling of alcohols typically involves two steps, namely, the conver-
sion of ~-OH (hydroxyl group) to an adequate leaving group (such as -OTs,
—-OMs, or ~ONs) and subsequent ®F-fluorination. In 2015, Doyle and coworkers
reported on the deoxyfluorination reagent PyFluor (2-pyridinesulfonyl fluo-
ride), which essentially allowed “one-pot” radiofluorination of alcohols [34].
A range of primary and secondary alcohols were smoothly deoxyfluorinated
with PyFluor. In addition, the authors conducted the ¥F-deoxyfluorination of
protected carbohydrates, thereby accomplishing the synthesis of O-Bn-['8F]FDG
in 15% RCC (Figure 12.3a). Complementary to these reactions, O’Hagan and
coworkers developed an enzymatic ¥F-fluorination approach (Figure 12.3b) [35].
18F-Fluorination of SAM [(S)-adenosyl-L-methionine] was catalyzed by fluorinase
(E.C. 2.5.1.63), which originated from Streptomyces, and yielded ['®F]-5'-FDA
([*®F]5'-fluoro-5'-deoxy-adenosine) in an RCY (decay-corrected) up to 95% [36].
In this reaction, r-amino acid oxidase (E.C. 1.4.3.2) was added to consume the
by-product L-methionine, thus shifting the equilibrium toward ['*F]-5'-FDA. In
2014, the same research group further refined this fluorinase-catalyzed approach
to afford ['®F]FDEA-TEG-RGD (5'-['8F]fluorodeoxy-2-ethynyladenosine-labeled
RGD peptides) in 12% RCY (non-decay-corrected) from the respective chloro-
precursor [37].
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12.3.2 Transition Metal-Mediated Aliphatic ‘8F-Fluorination

Compared to Sy2-type aliphatic '8F-fluorinations, transition metal-mediated
approaches allow radiofluorination at lower temperature and provide a mild
alternative to afford alkyl ['8F]fluorides with better functional group tolerance.
In 2011, Gouverneur and coworkers described the Pd-catalyzed fluorination of
allyl p-nitrobenzoates with Bu,NF, which was successfully implemented into
radiochemistry conditions using [\®F]Bu,NF (Figure 12.4a) [38]. 8F-Fluorination
of allyl p-nitrobenzoates with [1®F]Bu,NF in MeCN afforded cinnamyl [*8F]fluoride
in 5-7% RCY (decay-corrected) after five minutes at ambient temperature. When
cinnamyl methyl carbonate was used as precursor, the decay-corrected radiofluori-
nation yield increased to 9-42%. In the same year, Nguyen and coworkers reported
the Ir-catalyzed allylic fluorination of trichloroacetimidates [39]. This allylic
fluorination of trichloroacetimidate was accomplished using [**F]KF/K,,, and CSA
(camphorsulfonic acid) in THF at room temperature (Figure 12.4b), affording the
respective allyl fluoride in 38% RCY (decay-corrected). In 2013, Gouverneur and
coworkers further reported on the Ir-catalyzed fluorination of allyl carbonates [40].
Importantly, the radiofluorination with [\®F]Et,NF was accomplished for branched
and linear ((E) or (2)) allylic carbonates, yielding the respective products in RCYs

(0]
18, NN
©/\/\ OJ\R ["°F1Bu4NF, [Pd(dba),] ©/\/\18F
PPh3, MeCN, r.t.
R =OMe 5 min 9-42% RCY (n = 12)
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R = CgH4pNO, 5 min 5-7% RCY (n = 2)
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CCl, ["*FIKF/Kaz2
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O“>NH
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Figure 12.4 Transition metal-mediated allylic ®F-fluorination. Source: (a) From
Hollingworth et al. [38]. © 2011 John Wiley & Sons. Reprinted with permission of John
Wiley & Sons.
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Figure 12.5 Transition metal-mediated aliphatic 8F-fluorination. Source: (a) Modified
from Huang et al. [41]; (b) Modified from Liu et al. [42]; (c) Modified from Graham et al. [43].

up to 76%. Moreover, position and geometry of the olefin were maintained in this
reaction (Figure 12.4c).

In addition to the active allylic position, Groves, Hooker, and coworkers
described a Mn-catalyzed benzylic C-H '®F-fluorination (Figure 12.5a) [41].
Mn(salen)OTs was used as a catalyst that efficiently (>90%) eluted ['¥F]fluoride
ions from the ion exchange cartridge. Of note, no drying procedure was required,
and a range of functional groups including halides, alkynes as well as car-
bonyl groups were compatible with these reaction conditions, thereby tolerating
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moisture and air. Indeed, several drugs were labeled via this methodology, includ-
ing, but not limited to, ['®FJibuprofen ester, [¥F]fingolimod (protected), and
['8F]N-Boc-cinacalcet (Figure 12.5a). In 2018, Groves and coworkers extended the
Mn-catalyzed C-H 8F-fluorination to nonactivated secondary and tertiary C—H
bonds (Figure 12.5b) [42]. A more powerful catalyst, Mn(TPFPP)OTs (TPFPP,
tetrakis(pentafluorophenyl)porphyrin), was employed, and a series of bioactive
molecules were radiofluorinated via this method including [ FJFACPC (protected),
['8F]flutamide analog, and ['®F]-N-Boc-amantadine in RCCs ranging from 19% to
48%. In addition to these transition metal-mediated aliphatic radiofluorinations,
Doyle and coworkers developed a ring-opening reaction enabling enantioselective
aliphatic 8F-fluorination of epoxides with a chiral cobalt catalyst, as depicted in
Figure 12.5c [43]. (R,R)-(Salen)Co['®F]F was prepared by elution of [*®F]fluoride
from an ion exchange cartridge with the respective tosylate precursor. Moisture
and air were tolerated in this reaction, and a range of racemic epoxides were
18F-labeled via epoxide ring opening in 23-68% RCYs (decay-corrected) with
high enantioselectivity (>91% ee). For epoxides bearing a Lewis basic nitrogen
or a-branching substituents, a chiral dimeric [®F](linked salen)Co,F(OTs) was
employed to achieve high 8F-labeling efficiency. Several PET tracers were prepared
by this method, such as [®F]THK-5105 in 25% RCY (decay-corrected) and 85%
ee, ['8F]FMISO in 67% RCY (decay-corrected) and 90% ee, as well as '8F-isatin
sulfonamide in 62% RCY (decay-corrected) and high diastereoselectivity (>20:1 dr).

12.4 Nucleophilic Aromatic 8F-Fluorination
with [*8F]Fluoride

12.4.1 Transition Metal-Free Nucleophilic Aromatic ‘8F-Fluorination
with [*8F]Fluoride

Owing to the high stability of C(sp?)—'3F-bonds toward in vivo defluorination,
aryl [13F]fluorides are important moieties in a wide range of PET radiotracers.
Indeed, nucleophilic aromatic substitution (SyAr) with [*¥F]fluoride is a frequently
used and practical method to prepare aryl ['®F]fluorides. Optimal precursors for
SyAr reactions with [18F]fluoride typically bear a leaving group (-N*Me,, -S*Me,,
-NO,, -OMs, -OTs, -OT{, etc.) and an activating electron-withdrawing group
such as -NO,, —-CN, -CF; or -CO in the ortho or para position to stabilize the
Meisenheimer complex, thereby facilitating SyAr reactions (Figure 12.6a). Initially,
one of the key challenges in nucleophilic aromatic radiofluorinations was the
poor reactivity of deactivated electron-rich arenes. Recently, efforts have been
made in the development of novel precursors for SyAr reactions with [*8F]fluoride
to extend the substrate scope, including several novel sulfur-based precursors,
triarylsulfonium salts [44-47], and diaryl sulfoxides [48]. In 2012, Ametamey
and coworkers reported on the ¥F-fluorination of triarylsulfonium salts to afford
aryl ['®F|fluorides [46]. Notably, this method enabled the radiofluorination of
nonactivated and deactivated aryl rings with a Hammett o,, greater than —0.170,

405



12 Precision Radiochemistry for Fluorine-18 Labeling of PET Tracers

LG (18FF- 18F
o@D T ewe

+ +
LG = -NMejz, —SMe,, —-NO,, —I, —Br, —Cl, -OMe, —OTs, OTf
EWG = -NO,, —-CN, —CF3, or —carbonyl groups

406

(a)
____R*= OTi
NH, ['8FIKF/Ko0 3
\/\"/ . /\n/ CsyCO3 \©
B DMF, 110 °C
\© 15 min L~ R=T8F
68 + 4% RCC
(b)
OMe

/ “CgHy
['8FIKF/Kppp, KHCO3
O/©/ \©/\ DMSO, 120 °C, 15 min
30 + 6% RCY
(decay-corrected)

CSH11

/ \
“
NS
Me // ['8FIKF/Kggp, KHCOg . =~ N
CH3CN, 80 °C, 5 min
+5
oTf eN
Me ['®FIFPEB

(c)

55 + 3% RCY
(decay-corrected)

(d)
S
N oTf
) ()
N
O ['8F]F~, CHaCN
O O TFAA, TfOH 110 °C, 10 min O
O CHaCN O
H /N
O .
N” 8r-bifonazole

65% 42 + 3% RCY
(decay-corrected)

(e)
Figure 12.6 Nucleophilic aromatic *¥F-fluorination with [*®F]fluoride. Source: (c) Modified
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including aryl-bearing peptides, in high RCCs (Figure 12.6b). In 2015, Arstad and
coworkers described the preparation of a new triarylsulfonium precursor with
electron-rich spectator ligand-bearing para-methoxyphenyl groups (Figure 12.6¢)
[44]. The use of such electron-rich spectator ligands provided a broadly applicable
route to prepare a broad spectrum of aryl ['®F]fluorides including electron-rich
substrates. In 2018, the same research group reported on a new triarylsulfonium
precursor with dibenzothiophenesulfonium for 8F-fluorination (Figure 12.6d)
[47]. The '8F-fluorination occurred selectively and dibenzothiophenesulfonium
served as the leaving group. Several PET tracers were prepared via this method,
including ['®F]FPEB in 55% RCY (decay-corrected). In addition, Ritter and cowork-
ers reported an aromatic C-H '8F-fluorination method to quickly access aryl
['8F]fluorides via a two-step protocol involving arene C-H functionalization to
generate aryl sulfonium salts and subsequent nucleophilic radiofluorination with
[*8F]fluoride (Figure 12.6€) [45]. Both electron-poor and electron-rich arenes were
amenable for the site-selective C-H functionalization reaction and afforded the
respective dibenzothiophenium salts with high regioselectivity and good functional
group tolerance. The nucleophilic ¥F-fluorination of dibenzothiophenium salts
also proceeded smoothly, providing a range of ®F-labeled small molecules such
as '8F-bifonazole, which was synthesized in 42% decay-corrected RCY. Of note,
an electron-rich dimethoxy-substituted dibenzothiophenesulfonium served as the
leaving group to achieve high selectivity of 1¥F-fluorination.

Besides triarylsulfonium salts, Pike and coworkers reported on the '3F-labeling
of diaryl sulfoxides in 2013 (Figure 12.7a) [48]. A higher reaction temperature
(150-200°C) was required for the 3F-fluorination of diaryl sulfoxides, indicating
that diaryl sulfoxides were less reactive than triarylsulfonium salts. Accordingly, this
method was confined to electron-deficient aryl ['®F]fluorides. Murphy and cowork-
ers developed novel N-arylsydnone precursors for the F-fluorination of arenes
bearing electron-deficient groups in 2017 (Figure 12.7b) [49]. N-Arylsydnones could
be efficiently prepared from anilines in two steps, whereby the sydnone was induc-
tively more electron withdrawing than the nitro functionality. Further, although
sydnones were positioned away from the aryl plane, hampering full resonance
with the aromatic system and facilitating radiofluorination, an activating group
was still required for N-arylsydnones radiolabeling. Hence, the F-fluorination of
N-arylsydnones was limited to electron-deficient aryl ['8F]fluorides.

Owing to the broad implication of phenols in organic synthesis, direct
[*8F]deoxyfluorination of phenols to afford radiofluorinated arenes is a partic-
ularly appealing concept. In 2016, Ritter and coworkers described a novel concerted
nucleophilic aromatic substitution mechanism, allowing the [!¥F]fluorination
of phenols (Figure 12.8a) via the formation on an uronium complex, which is
different from the classical SyAr reaction via Meisenheimer intermediate [51]. This
['8F]deoxyfluorination reaction was highly efficient in electron-deficient phenols.
In 2017, the same group extended this ['¥F]deoxyfluorination to electron-rich
phenols activated by a ruthenium complex (Figure 12.8b) [50]. Particularly, the #°
n-activation of the CpRu(COD)CI complex allowed the labeling of electron-rich
phenols such as 4-methoxyphenol in 89% RCY (decay-corrected).
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Figure 12.7 8F-Fluorination of diaryl sulfoxides (a) and N-arylsydnones (b). Source: (a)
Modified from Chun et al. [48]; (b) Modified from Narayanam et al. [49].

I8F-Labeling of electron-rich arenes is typically more challenging than
electron-deficient aromatics. Recently, Li, Nicewicz, and coworkers reported a
direct arene C-H '®F-fluorination via organic photoredox catalysis (Figure 12.9)
[52]. In this reaction, arenes were labeled with ['*F]TBAF using TEMPO as a redox
co-mediator in the presence of an acridinium-based photocatalyst and under aero-
bic conditions. Notably, this approach prompted the successful labeling of various
deactivated aromatics bearing electron-donating substituents. PET radiopharma-
ceuticals prepared via this method include, but are not limited to, ¥ F-fenoprofen
(in 37% RCC over two steps) and ["®F]JFDOPA (in 12% RCY [decay-corrected] over
four steps).

Diaryliodonium salts are commonly used arylation reagents in reactions
with C-, N-, O-, or S-nucleophiles and halides. In 1995, Pike and Aighirhio
firstly reported on the '8F-fluorination of diaryliodonium salts (Figure 12.10a)
[53]. Although both electron-deficient ['®F]fluoroarenes and electron-rich
['8F]fluoroarenes were prepared via '8F-fluorination of the corresponding
diaryliodonium salts, unsymmetrical diaryl moieties were preferably radiofluori-
nated on the relatively electron-deficient aryl group. As such, ['®F]fluorobenzene
and 1-['®F]fluoro-4-methylbenzene were synthesized in 68% RCY (decay-corrected)
in a ratio of 3 : 2, starting from 4-methylphenyl(phenyl)iodonium trifluoromethane-
sulfonate. Besides the electronic properties of the two aryl moieties, their steric
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Figure 12.8 [*8F]Deoxyfluorination of phenols. Source: (b) Modified from Beyzavi
et al. [50].

properties significantly affected the selectivity of F-fluorination via diaryliodo-
nium salts, particularly for diaryliodonium salts bearing bulky ortho substituents.
For instance, the 3F-fluorination of 2-methylphenyl(phenyl)iodonium chlo-
ride afforded 1-['3F]fluoro-2-methylbenzene in 57% decay-corrected RCY, while
the RCY (decay-corrected) of ['®F]fluorobenzene was 25% (Figure 12.10b)
[54]. The ability of different ortho substituents to promote the selective
BF-fluorination of unsymmetrical diaryliodonium salts follows the order:
2,6-di-Me > 2,4,6-tri-Me > 2-Br > 2-Me > 2-Et ~ 2-iPr > 2-H > 2-OMe. Several
spectator aryl groups, including 2-thienyl [56, 57], 4-methoxyphenyl [58],
3-methoxyphenyl [58], and 4-methylphenyl [58], were used to demonstrate regiose-
lective ®F-fluorination of unsymmetrical diaryliodonium salts. In a recent study by
Chun and coworkers, the highly electron-rich 2,4,6-trimethoxyphenyl was utilized
as a spectator in '®F-fluorination of aryl(2,4,6-trimethoxyphenyl)iodonium tosylates
with excellent chemoselectivity (Figure 12.10c) [55]. A range of aryl ['®F]fluorides
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Figure 12.9 Arene C-H '8F-fluorination via organic photoredox catalysis. Source: Modified
from Chen et al. [52].

were prepared via this method - electron-rich 1-[!8F]fluoro-3-methoxybenzene,
electron-deficient halogen-functionalized heteroaromatic (2-bromo-5-['¥F]fluoro-
pyridine), click-labeling synthon (1-(azidomethyl)-4-[F] fluorobenzene), and
[*®F]SFB (N-succinimidyl 4-['8F]-fluorobenzoate) were achieved in 21%, 31%,
35%, and 20% decay-corrected RCYs, respectively. In 2016, Liang and coworkers
described a novel one-pot synthesis of aryl(isoquinoline)iodonium precursors,
facilitating the smooth preparation of numerous [*8FJisoquinolines with up to 92%
RCC [59].

Notwithstanding the strenuous efforts to improve the radiofluorination of
electron-rich arenes, fundamental progress has only recently been achieved
when aryliodonium ylides were developed [60, 61]. In fact, aryliodonium ylides
were excellent precursors with unprecedented '3F-labeling efficiency in nonacti-
vated arenes. Further, due to the lack of counterions, aryliodonium ylides were
amenable to purification by normal phase liquid chromatography, facilitating
large-scale precursor production. In an early report by Ermert and coworkers in
2014, '8F-labeling of aryliodonium ylide with meldrum acid auxiliary generated
two positional isomers via the aryne intermediate [60]. In the same year, Liang,
Vasdev, and coworkers independently reported on the development of spirocyclic
iodonium ylides (SCIDY) as readily available precursors, amenable to regioselec-
tive radiofluorination of nonactivated arenes (Figure 12.11a) in RCCs up to 85%
[61]. Todonium ylides with meldrum acid or barbituric acid auxiliary were often
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Figure 12.10 '8F-Fluorination of diaryliodonium salts. Source: (a) Modified from Pike and
Aighirhio [53]; (b) Modified from Chun et al. [54]; (c) Modified from Kwon et al. [55].

reported as viscous and thermally unstable oils, while SCIDY are predominantly
crystalline solids with higher stability, thus facilitating precursor handling and
storage. A range of aryl [*®F]fluorides was smoothly prepared by '¥F-fluorination
of SCIDY precursors, including electron-rich 1-['¥F]fluoro-4-methoxybenzene
(15% RCC), heterocyclic 3-['**F]fluoropyridine (65% RCC), the click reagent
2-((2-azidoethoxy)methyl)-4-bromo-1-[!¥F]fluorobenzene (50% non-decay-corrected
RCY) [63], 5-['8F]fluorouracil (11% non-decay-corrected RCY over two steps, first
time prepared from nucleophilic ['8F]fluoride), [** F]FPEB (20% non-decay-corrected
RCY) [64], and ®F-lorlatinib (14% decay-corrected RCY over two steps), which is
an inhibitor of orphan receptor tyrosine kinase c-ros oncogene 1 that is currently
being tested in clinical phase II trials for the treatment of non-small cell lung
cancer [65]. Given that the thermal stability of aryliodonium ylides was highly
dependent on the auxiliary group, Liang and coworkers further elucidated this
concept by developing the second generation of iodonium ylides bearing a SPIAd
(spiroadamantyl-1,3-dioxane-4,6-dione) auxiliary (Figure 12.11b) [62]. Indeed,
SPIAd ylides outperformed all the other auxiliaries in stability tests, and a range
of PET tracers were prepared via radiofluorination of SPIAd ylides, including the
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Figure 12.11 '8F-Fluorination of aryliodonium ylides. Source: (b) Modified from Rotstein
etal. [62].

reversible monoamine oxidase B inhibitor '®F-safinamide (15% RCC over two
steps), the norepinephrine transporter ligand [FImFBG (23% decay-corrected
RCY over two steps), and [ F]FMT (18% decay-corrected RCY over two steps),
which is a radiopharmaceutical for imaging cerebral dopamine and neuroendocrine
tumors. In 2017, Riss and coworkers found that the employment of PPh, reduced
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the activation energy of iodonium ylide '®F-fluorinations, thereby substantially
increasing reaction rates [66].

In addition to these hypervalent iodine(III) precursors-based 8F-labeling meth-
ods, Pike and coworkers reported on the 8F-fluorination of (diacetoxyiodo)arenes
in 2016 (Figure 12.12) [67]. Despite the straightforward preparation of (diace-
toxyiodo)arene precursors, the ®F-fluorination of (diacetoxyiodo)arenes required a
high temperature (200 °C) and was limited to electron-deficient substrates.

12.4.2 Transition Metal-Mediated Aromatic 8F-Fluorination

Transition metal-mediated '3F-fluorinations are typically conducted under mild
conditions, and with high functional group tolerance, thus providing an alternative
approach to furnish aryl ['®F]fluorides. In 2011, Ritter, Hooker, and coworkers
developed an aromatic '3F-labeling method with a palladium-based electrophilic
fluorination reagent as shown in Figure 12.13a [68]. The palladium complex B,
derived from palladium complex A and ['8F]fluoride, served as an electrophilic
I8F-fluorination reagent. Particularly, the ['8F]fluorine ion was transferred to
palladium complex C, which was oxidized to a palladium(IV) aryl [*¥F]fluoride
complex. Subsequently, aryl [\8F]fluorides were achieved via C—'8F bond reductive
elimination. Indeed, several drugs, such as '¥F-paroxetine (antidepressant, selective
serotonin reuptake inhibitor) and a 18F-labeled 5-HT,. agonist, were prepared via
this method (>1% non-decay-corrected RCY) [70]. In 2012, Ritter and coworkers
developed a nickel-mediated oxidative ®F-fluorination approach (Figure 12.13b)
[69]. Aryl ['®F]fluorides were prepared from the nickel aryl complex D with
aqueous ['®F]fluoride in the presence of a hypervalent iodine oxidant at room tem-
perature in less than one minute. A range of aryl ['3F]fluorides, as well as alkenyl
[*8F]fluorides, were prepared via this method (13-38% decay-corrected RCYs).
Further, they utilized the latter approach for the production of ¥ F-MDL100907
(3% non-decay-corrected RCY), a serotonin 2a receptor (5HT,,) PET radioligand
[60, 71], and 5-['¥F]Fluorouracil (0.92 +0.18% non-decay-corrected RCY) with
molar activities >10 Ci/pmol [72].

The radiofluorination of diaryliodonium salts under transition metal-free condi-
tions has proved to be useful for the preparation of aryl ['¥F]fluorides; however, ortho
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substituents typically promote radiofluorination on the ortho-substituted arene.
In contrast, Sanford, Scott, and coworkers demonstrated that copper-catalyzed
radiofluorinations from mesityl(aryl)-iodonium salts resulted in opposite regios-
electivity, thus favoring the introduction of fluorine-18 into arenes lacking ortho
substituents (Figure 12.14a) [73].

Electron-rich, -neutral, and -deficient aryl moieties were amenable to radioflu-
orination under these reaction conditions. As a proof of concept, N,O-protected
['8F]JFDOPA was prepared in 31% RCC.
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Sanford, Scott, and coworkers reported on the Cu-mediated C-H '3F-fluorination
of electron-rich (hetero)arenes, a one-pot two-step process that involved in situ
C-H functionalization to prepare diaryliodonium salts and subsequent 8F-labeling
step [75]. Recently, the same authors extended their approach by describing a
Cu-mediated aminoquinoline-directed '®F-fluorination of aromatic C—H bonds
with K[*3F]F (Figure 12.14b) [74]. Particularly, the latter radiofluorination included
two steps, namely, a Cu-mediated aminoquinoline-directed ortho-C(sp?)-H acti-
vation, followed by 8F-fluorination with K['¥F]F. A range of electron-neutral,
-deficient, and -rich substrates were prepared employing these reaction conditions.
Several 2-['8F]fluoro-substituted aromatic carboxylic acids were synthesized via
18F-fluorination and subsequent hydrolysis of the 8-aminoquinoline benzamides,
including ¥ F-AC261066 (a RARP2 agonist) that was obtained in 2% decay-corrected
RCY with a molar activity of 29.6 GBq/pmol (0.8 Ci/pmol).

Aryl boronic esters, aryl boronic acids, and aryl stannanes are widely used for
transition metal-mediated cross-coupling reactions, and they have proven useful
as precursors for 8F-fluorination. In 2013, Sanford and coworkers accomplished
the Cu-mediated fluorination of aryltrifluoroborates [76]. Excess fluoride (4 equiv)
was used and aryl boronic esters were found to be less efficient than aryltrifluo-
roborates. In 2014, Gouverneur and coworkers described a novel copper-mediated
8F-fluorination of aryl boronic esters (arylBPin) (Figure 12.15a) [77]. O, from the
air was essential for this reaction and both electron-rich and electron-deficient
arylBPins and alkenylBpins were compatible. Unprotected -OH and -NH, func-
tionalities led to low yields due to the competitive C-O and C-N coupling side
reactions. A range of PET tracers were prepared via 8F-fluorination of their
corresponding arylBPin precursors, including the inhibitor of the epidermal
growth factor receptor—tyrosine kinase (EGFR-TK) designated 8F-gefitinib (22%
RCC), the tropomyosin receptor kinase (Trk) inhibitor ¥F-IPMICF10 (71% RCC)
and 3F-DAA1106 (59% decay-corrected RCY), which is currently used for the
detection of striatal dopaminergic neurodegeneration [80, 81]. In 2015, Sanford,
Scott, and coworkers reported on the copper-mediated '¥F-fluorination of aryl
boronic acids (Figure 12.15b) [78]. The examples included ["*F]FPEB, which
was obtained in 8% RCC with a molar activity of 27.8 GBq/pmol (0.75 Ci/pmol).
Further, Neumaier and coworkers observed that the efficiency of copper-mediated
18F-fluorination of mesityl(aryl)iodonium salts (Figure 12.14a) and aryl boronic
esters (Figure 12.15a) was further improved by using a “low base” protocol to
avoid decomposition of copper catalysts under the basic conditions [82]. In tran-
sition metal-mediated cross-coupling reactions, aryl stannanes exhibit a high
propensity toward efficient transmetalation, thus rendering them useful precursors
for transition metal-catalyzed ¥F-fluorination. In 2016, Murphy and coworkers
accomplished the copper-mediated oxidative fluorination of aryl stannanes [83].
In the same year, Sanford, Scott, and coworkers independently reported on the
successful copper-mediated 8F-fluorination of aryl stannanes (Figure 12.15c)
[79]. A range of electron-rich and electron-deficient aryl [*8F]fluorides, as well as
vinyl ['8F]fluorides, including the serotonin receptor PET radioligand ["*F]MPPF
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Figure 12.15 Cu-mediated aromatic ‘8F-fluorination of aryl boronic acids, esters and aryl
stannanes. Source: (a) Modified from Tredwell et al. [77]; (b) Modified from Mossine et al.
[78]; (c) Modified from Makaravage et al. [79].
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(13% non-decay-corrected RCY), were prepared via '3F-fluorination of stannane
precursors.

12.5 18F-Labeling of Multifluoromethyl Motifs
with ['8F]Fluoride

There is a continuous development of pharmaceuticals with multifluoromethyl
motifs, such as -CF,, -CF,H, and -SCF;, resulting in an increased demand for new
methods to 8F-label these multifluoromethyl motifs for drug discovery and tracer
development purposes. Initially, direct methods for the incorporation of fluorine-18
into multifluoromethyl motifs were based on °F/8F isotope exchange (e.g.
from R-CF; to R-CF,'¥F) or halide/!®F exchange reactions (e.g. from R-CF,Br to
R-CF,!8F). Conditions for these exchange reactions were often harsh, with limited
tolerance towards highly functionalized substrates. Recently, silver (I) salts were
found to be an effective additive to improve halide/*8F exchange reactions under
milder conditions. In a recent study, Gouverneur and coworkers reported the syn-
thesis of [!8F]5-(trifluoromethyl)dibenzothiophenium trifluoromethanesulfonate
([*8F]Umemoto reagent) via Ag-mediated Br/'F exchange and the subsequent
oxidative cyclization process (Figure 12.16a) [84]. The 8F-labeled Umemoto reagent
was applied in direct radiofluorinations of unmodified peptides at the cysteine
residue by the transfer of a [1®F]CF, group. A range of peptides were selectively
labeled at their cysteine residues using the ®F-labeled Umemoto reagent, including
cRGDIC([*!F]CF;) (19% non-decay-corrected RCY). Another strategy to prepare
[1®F]CF,S-labeled molecules is via the transfer of the whole ~SCF;['8F] group. In
2015, Liang, Xiao, and coworkers accomplished the ['8F]trifluoromethylthiolation of
alkyl electrophiles with difluorocarbene (generated in situ), sulfur, and ['8F]fluoride
under mild conditions (Figure 12.16b) [85]. Difluorocarbene was generated in situ
via decarboxylation of PDFA (difluoromethylene phosphobetaine, Ph,P*CF,COO™)
under neutral conditions, and without the addition of a base or additive. The gen-
eration of [8F]trifluoromethylthio anion ([**F]CF,S~) was envisioned by reacting
trifluoromethyl anion ([*¥F]CF;~) with elemental sulfur (Sg). A range of alkyl
bromides, alkyl iodides, as well as allyl bromides were efficiently [1®F]CF,S-labeled
at 70 °C in DMF. In 2017, Liang, Xiao, and coworkers further extended their work
by describing the ['8F]trifluoromethylthiolation of a-bromo carbonyl compounds
(Figure 12.16c) [86]. Mechanistically, the authors found that the difluorocarbene
underwent sulfuration with elemental sulfur (Sg) in a first step to generate thio-
carbonyl fluoride (S=CF,), instead of being trapped by [®F]fluoride to afford the
trifluoromethyl anion ([*¥F]CF;~). Subsequently, the reaction of thiocarbonyl
fluoride (S=CF,) with [®F]fluoride gave the [®F]trifluoromethylthio anion
([*®F]CF;S7). Further, the authors observed that the addition of copper (I) led to an
apparent yield improvement. The unprecedented and straightforward preparation
of the [8F]trifluoromethylthio anion ([*¥F]CF,S™) from difluorocarbene, sulfur,
and ['®F]fluoride enabled the ['®F]trifluoromethylthiolation of a broad range of
alkyl electrophiles including aliphatic substrates bearing electron-donating or
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Figure 12.16 Synthesis of [1®F]CF,S-labeled molecules. Source: (a) Modified from Verhoog
et al. [84]; (b) Modified from Zheng et al. [85]; (c) Modified from Zheng et al. [86].

electron-withdrawing substituents in RCCs up to 83%. Further, this method was
viable for the conversion of a-bromo carbonyl compounds to a-['*F]SCF; carbonyl
derivatives.

Trifluoromethyl (CF;) moieties are integral elements of numerous phar-
maceuticals. Radiofluorination of these moieties occurred predominantly via
halide/’8F exchange. An alternative strategy to obtain ['®F]CF, bearing PET
radioligands is via [!8F]trifluoromethylation. In 2013, Gouverneur and coworkers
reported the copper-mediated [!®F]trifluoromethylation of (hetero)aryl iodides



12 Precision Radiochemistry for Fluorine-18 Labeling of PET Tracers

I CICF,CO,Me

CF,'8F
Cul, TMEDA
["®FIKF/Kaz2

DMF, 150 °C, 20 min

O
MeQO CF,'®F CF,'®F CF,'°F BOM CFZ‘BF
T LT oy Ty
BOM
55% + 3% RCY (n=3) 46% +3% RCY (n=3) 38%+10% RCY (n=3) 45% +7% RCY (n=3)
(decay-corrected) (decay-corrected) (decay-corrected) (decay-corrected)

0 CF,'8F

BochN I, OMe /©/ o NO,

: H/\g/ o Mej)LN/G[CFQSF
/©/ ©)\/\NHM9 me H

18FF,C TFA

36% = 2% RCY (n = 3) ["®Flfluoxetin ["®Flflutamide
(decay-corrected) >35% RCC (n = 3) 55% + 3% RCY (n = 3)
@) (decay-corrected)

R Fe(NO3)5-9H,0, TBHP

OoH /@:OH
/©/ ["“FICF;S0,NH, R CF,'8F
+ +

DMSO/HCOONH, (aq.)

R 40 °C, 20 min R
H H
COCH
1BFF,C COOH
HO \ CF,'8F
14% + 5% RCC (n =2) 22% + 1°/o RCC (n=2)

(b)

Figure 12.17 '8F-Trifluoromethylation of aryl iodides (a), L-tryptophan, and L-tyrosine (b).
Source: (a) Modified from Huiban et al. [87]; (b) Modified from Kee et al. [88].

with chlorodifuoroacetate and ['®F]fluoride (Figure 12.17a) [87]. ['®F]CuCF; was
generated in situ from chlorodifluoroacetate, Cul, ['®F]fluoride, and TMEDA
(tetramethylethylenediamine). [3F]Trifluoromethylation of diverse aryl iodides
and heteroaryl iodides was achieved, including N-Boc-protected ['3F]fluoxetine
(35% RCC over two steps) and ['8F]fluoxetine (55% RCC, also known as Eulexin,
nonsteroidal antiandrogen [NSAA] used primarily to treat prostate cancer).

In 2014, Riss and coworkers developed another Cu-mediated ¥ F-trifluoromethy-
lation approach for aryl iodides, whereby [®F]CuCF, was generated from
CHF,I [89]. Other Cu-mediated !8F-trifluoromethylation reactions, enabling
the generation of [\®F]CuCF, from [F]HCF;, were also developed [90, 91]. In
addition, '8F-trifluoromethylation via a radical pathway using [*®F]CF, radicals
was considered a useful approach to afford '®F-arenes. In 2020, Gouverneur
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and coworkers developed a novel radical '3F-trifluoromethylation reagent,
['8F]CF;SO,NH, (obtained from ['®F]fluoride in one step), and its applica-
tion in C-H BF-trifluoromethylation of tryptophan or tyrosine residues in
unmodified peptides (Figure 12.17b) [88]. [*¥F]CF,SO,NH, was prepared from
a combination of [*F]fluoride ([*®F]KF/K,,,), difluorocarbene (PDFA), and SO,
(N-methyl-morpholine-SO,) in DMF (110 °C, 20 minutes) with 17% decay-corrected
RCY (n = 6). Importantly, [¥8F]CF,SO,~ was purified by a weak anion exchange
cartridge (WAX) to remove organic by-products and unreacted ['®F]fluoride.
['8F]CF,SO,NH, was afforded via elution with a solution of NH,OH in EtOH and
further purification by reverse-phase HPLC in high radiochemical purity (>99%).
Of note, ["*F]CF,S0,NH, was successfully employed in the highly chemoselective
C-H 8F-trifluoromethylation of peptides containing r-tryptophan and/or r-tyrosine
residues with Fe(III) salts and TBHP (tert-butyl hydroperoxide). In fact, Gouverneur
and coworkers employed the novel methodology to successfully label a series
of unmodified peptides, demonstrating the utility of this approach to facilitate
['8F]peptide development for nuclear medicine applications.

12.6 Summary and Conclusions

In the past several decades, significant progress has been made in the development
of labeling methods via direct ¥F-fluorination to construct aliphatic and aromatic
C—!8F bonds, and these methods provide an important toolbox for ¥ F-labeling of
PET radiopharmaceuticals.

Nonetheless, the discovery of novel radiofluorinated PET probes remains chal-
lenging due to stringent constraints that are imparted by the challenges of fluorine
radiochemistry, particularly with regard to nonactivated arenes. Among the plethora
of approaches for the radiofluorination of arenes, the hypervalent iodine (IIT) meth-
ods and copper-mediated strategies using boron or tin precursors are currently the
most advanced for human use.

Given the pressing and continuous demand for novel PET radiopharmaceuticals
in precision medicine, an ever-growing toolbox of radiofluorination methods is of
paramount value to bridge the gap between the unmet clinical needs and the ongoing
progress in modern fluorine-18 chemistry. The development of efficient and practi-
cal 8F-labeling methods will be a long-standing goal for radiochemists to nourish
the field of nuclear medicine and provide high-quality personalized treatment for
the patient.
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133

Friedel-Crafts-type of
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geminal difluorination of styrene 204

geminal oxytrifluoromethylation of
diazocarbonyl compounds

oxytrifluoromethylation of

diazoketones 217

glassy carbon anode 29

glassy carbon electrode 29

global reactivity index analysis

Globodera pallida 389

glutamate-gated chloride channels
(GluCls) 386

green-peach aphid 381

Grignard reagents 82

355

h

halauxifen methyl 371
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