Journal "Fluorine Notes", Volume # 1(92), January - February 2014

Received: September, 2013

The reactions of alkylation, arylation, alkenylation,
and alkynylation of polyfluoroarenes and -hetarenes
by their aromatic rings

T.D.Petrova, V.E.Platonov

N.N.Vorozhtsov Novosibirsk Institute of Organic Chemistry, Siberian Branch, Russian
Academy of Sciences, pr. Akademika Lavrent,eva 9, Novosibirsk, 630090 Russia

e-mail: petrova@nioch.nsc.ru, platonov@nioch.nsc.ru

Abstract: Review considers the reactions of alkylation, arylation, alkenylation, and alkynylation of
polyfluoroarenes and —hetarenes occurring in the aromatic ring and leading to the formation of Cx,-C
bond. Review contains information on the traditional methods of conducting such transformations which
include, for example, reactions of polyfluoroarenes with electrophilic, nucleophilic, radical reagents. Along
with these methods, reactions using of metal complex catalysis are considered. The application of metal
complex catalysis expands the area the substrates used. This method includes cross-coupling reactions
between metal or metal compounds and aryl halides catalyzed by transition metal complexes with various
organic ligands. Kumada, Negishi, Suzuki, Stille, Hiyama, Heck, and Sonogashira reactions are presented.
For polyfluoroarenes and —hetarenes Cx,-Hal bond transformations involves also Ca,-F bond.
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| Introduction

The formation of new C-C bonds is one of the most important chemical reactions of organic
compounds since it allows the synthesis of a broad range of substances of different structure, whose
properties may be of interest both alone and initial compounds or intermediates in the synthesis
of practically important substances.

In a series of arenes, for reactions involving carbons that belong to aromatic ring, one of the ways to
form Cx,-C bonds are alkylation, arylation, alkenylation and alkynylation reactions.

Those transformations have long been known, and for many years their implementation made use of
reactions with electrophilic, nucleophilic, and radical reagents, intramolecular cyclizations
and rearrangements, transformations of preliminary introduced substituents, resulting in the formation of
alkyl, aryl, alkenyl or alkynyl groups, as well as some coupling reactions catalyzed by metals (see, e.g.,
[1-3]. However, recently, along with those conventional methods, they started the development and
intensive application of methods using catalysis by metal complexes having in mind to expand the area
of those substrates use, to optimize the process conditions and product yields, and also for problem
solving in cases when those conventional techniques wouldn'’t give the desired results. Those methods
include cross-coupling reactions between organometallic compounds and aryl halides catalyzed by
transition metal complexes with various organic ligands, thus providing wide possibilities for the
synthesis, and it appears currently to be among the most promising ways to C-C bond formation. The
reaction of organomagnesium compounds is named Kumada reaction, that of organozinc compounds
is Negishi reaction, that of organoborons is Suzuki reaction, that of organotins is Stille reaction, that of
organosilicon compounds is Hiyama reaction, while the palladium-catalyzed introduction of alkenyl
groups is known as Heck reaction, and that of alkynyl groups is called Sonogashira reaction. The
patterns and mechanisms for those reactions are considered in a number of excellent reviews
and monographs, e.g., [4-8]. For polyfluoroarenes and -hetarenes the above trends in the design of
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methods for C,-C bond formation are the most evident, the only difference being that for those
compounds their Cp-Hal bond transformation involves also Cx-F bond.

The data on the reactions of Cx,-C bond formation in polyfluoroarenes, till 1995, were reviewed in

1997 by G. Brooke in his detailed review [9]. In this our review the published data on the reactions of
alkylation, arylation, alkenylation, and alkynylation of polyfluoroarenes and -hetarenes are analysed over
the last ~ 10 years.

To relevant polyfluoroarenes and —hetarenes here considered are compounds with at least two
fluorines in the same aromatic ring, and their transformations include those of Cp,-H and Cp,-

Hal bonds, here Hal = |, Br, CI, F

Our review summarises as well the studies on transformations of other substituents available in
polyfluoroarenes or -hetarenes, but only if those substituents are directly linked to Cp,, and those

transformations result in the formation of alkyl or unsaturated groups. The haloalkylation reactions,
including perfluoroalkylation, that had been reviewed elsewhere are not considered in this our article and
only mentioned if they present some transformation of an intermediate on the way to the final product.

Il Transformations involving Cx,-H bond

1. Direct introduction of alkyl-, aryl- and unsaturated groups
1.1. Reactions in the presence of acid catalysts
1.2. Thermal and photochemical transformations
1.3. Reactions in the presence of bases
1.4. Metal complex catalysis
1.4.1. Use of palladium catalysts

1.4.2. Use of rhodium-based and nickel-based catalysts

2. Reactions with pre-activation of C,-H bond by metalation

2.1. Formation of lithium derivatives and their reactions

2.2. Formation and transformation of organocopper derivatives

2.3. Formation and transformation of organoboron derivatives
2.3.1. Difluorophenylboronic acids

2.3.2. Trifluorophenylboronic acids

2.3.3. Pentafluorophenylboronic acid and polyfluorophenylborates

2.4. Formation and reactions of the polyfluorinated organozinc and organotin compounds

1. Direct introduction of alkyl-, aryl- and unsaturated groups

1.1. Reactions in the presence of acid catalysts

The polyfluoroarene inter- or intramolecular alkylation, classified with Friedel-Crafts reactions, may be
exemplified by the obtaining of tris-(4-bromo-2,3,5,6-tetrafluorophenyl)methane via the reaction of 1-
bromo-2,3,5,6-tetrafluorobenzene with CHClzand AICl3 (yield 22.4%) [10], chlormethylation of 1,3,5-

trifluorobenzene with CICH,OCHgin the presence of AICIzin refluxing CS,(80%) [11], and also
intramolecular cyclization of 3-chloro-N-(3',4'-difluorophenyl)-propionamide by AlClgresulting in 6,7-
difluoro-3,4-dihydro-1H-quinolin-2-one [12,13].



Methyl-3-(2',6'-difluorophenyl)-2-nitropropionate in surplus benzene solvent with excess of
CF3SO3H readily undergoes phenylation at its 4' position resulting in a bipheny! derivative [14]. The tert-

butylation of 3,5-difluorophenol at its 4 position proceeds with 54% vyield if the substrate is
heated (55°C) with tert-butyl methyl ether in the presence of zirconium tetrachloride [15].

The modification of conditions [16] did not give any positive result (yield 31%). The
perfluorophenylation of perfluorobenzocycloalkenes (perfluorinated benzocyclobutene, indane, tetralin)
and several derivatives thereof occur when those compounds interact with pentafluorobenzene and n-
perfluoroalky! tetrafluorobenzenes in SbFgmedium (Scheme 1) [17-23].
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The reaction proceeds through the transformation of perfluorobenzocycloalkenes under the action of
SbFgto give cationic intermediates that further interact with polyfluorobenzenes. The reactivity of



those perfluorobenzocycloalkenes drops as the size of the alicyclic fragment increases [17]. As the
polyfluoropheny! derivatives of perfluorobenzocycloalkenes thus formed in SbFgmedium exist in the
form of corresponding cationic salts only, the product separation from the reaction mixture is conducted
by its treatment with HF. When treated with water it results in hydroxy derivatives formed through the
interaction between water and the polyfluorinated cations. It should be noted that the reaction
between perfluoro-1,1-diethylbenzocyclobutene and pentafluorobenzene, in the presence of equivalent
amount of SbFg, results in perfluoro-1,1-diethyl-2-phenylbenzocyclobutene but its isolation fails because
under the action of SbFg and H,O it rapidly undergoes further transformation, so that the end

products are mainly trienones (Scheme 2) [21].

Scheme 2

Intramolecular Friedel-Crafts reactions resulting in the formation of heterocyclic ring are used in the
obtaining of various polyfluorinated quinolinones starting from polyfluorinated anilides with a free ortho-
position to amide group. Thus, heating of 3,4-difluoroanilide of (3-chloropropionic acid with AlCl3 at
110°C [12] or 180°C [13] results in 6,7-difluoro-3,4-dihydro-1H-quinoline-2-one with yield 78% or 37%
respectively (Scheme 3).

Scheme 3
CH,CI
|
FD\ CHz AICI, F
Co B
F N AN F N0
- -
cocHBr | CH.Br
CH; 2904
Kéo B0% b
F i i = N0
F F

Scheme 3 shows another example of the anilide electrophilic cyclization [24].

Intramolecular alkylation comprising cyclization results from the interaction of polyfluorinated
cinnamic acid anilides (di-, tri-and tetrafluoro- derivatives) with strong acids, in particular, CF3SO3H, or

with AICl3. It results in polyfluorinated quinolinones with sufficiently high yields (Scheme 4) [25-27]. The
interaction with AICl3, occurring under more rigid conditions, is followed by dehydrophenylation, and
under similar conditions the same process takes place for non-fluorinated analogues as well.
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It is interesting that cyclization occurs despite the deactivating effect of several fluorine atoms. It is
expected [25] that the transformation proceeds via an intermediate super-electrophilic dication (5)
formed due to O, C-diprotonation (Scheme 5). The ease of cyclization is due to the substituents’ action
both on the equilibrium concentration of dication 5, and on the energy of the cyclization transition state,
which to some extent structurally similar to the intermediate (6).
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One-pot synthesis of polyfluorinated quinolines by the Skraup reaction was realised in the interaction

between polyfluoroanilines, polyfluorohalogenated anilines and polyfluoroacetanilides with glycerine
(Scheme 6).
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Fischer reaction between 2,5- difluorophenylhydrazine and disubstituted amide of 8-amino-1,4-dioxo-

spiro[4,5]decane-8-carboxylic acid results in the derivatives of 5,8-difluoro-2,3,4,9 - tetrahydro-1H-
carbazole (Scheme 7) [30].
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Aromatic amino-Claisen rearrangement in a series of N-(1-methyl-2-buten-1-yl) derivatives of

fluorinated anilines in the presence of acidic catalysts leads to fluorinated ortho-alkylanilines (Scheme 8)
[31,32].
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The reaction of N-alkyl-3,4-difluoroaniline [31] (case 1, scheme 8) was studied more explicitly. As a
result, it was found that boron trifluoride etherate and trifluoroacetic acid may also be used as catalysts,
and that besides of the isomer shown in Scheme 8 all catalysts favour the formation of another ortho-
isomer with alkyl group at position 6 of the aromatic ring, and the alkylation product at position 6 of the
original N-alkylaniline. The share of each of those three products varies depending on the catalyst, but in
all cases the major compound is that with alkyl group at position 2. It is assumed that the rearrangement
does not follow the concerted [3,3] sigmatropic mechanism, but the intermolecular mechanism
comprising electrophilic catalytic cleavage of the N-Clbond and electrophilic attack by pent-3-en-2-yl
cation of the ortho-position of the aromatic ring followed by deprotonation of a-complexes. In the case of
2,4,5-trifluoro-N-(1-methyl-2-buten-1-yl)aniline the rearrangement does not occur [32], which is thought
to be associated with the deactivation of position 6 by fluorine atom at position 5.

The amino-Claisen rearrangement takes place when the excess of 3,4-difluoroaniline reacts with 1-
chloro-2-cyclopentene. Under the action of the original aniline hydrochloride the initially formed N-
cyclopentenyl derivative is converted to a mixture of difluoroaniline ortho-cyclopentenyl derivatives, and
6-isomer dominates (Scheme 9) [33].
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The reaction of this aniline and 1,4-benzoquinone with preliminary diazotization of difluoroaniline
results in 90% yield to the product of difluorophenylation of 1,4-benzoquinone in position 2 [34].

1.2. Thermal and photochemical transformations

Thermal intramolecular Diels-Alder reaction of 2,4-difluorocinnamic acid ester containing a fragment
of propargylic acid enables the synthesis of difluorodihydronaphthofuran derivatives (Scheme 10) [35].
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Thermal Claisen rearrangement of polyfluorinated phenols allylic esters in the presence of N,N-
dimethylaniline makes it possible to produce polyfluorinated ortho-allylphenols (Scheme 11) [36-38].
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A convenient one-step method for the alkylation of polyfluorinated carbonyl derivatives of benzene or
benzonitriles deactivated to Friedel-Crafts reactions is a photoinitiated radical chain reaction with
alkylmercury halides [39]. Thus, oxidative tert-butylation of difluorosubstituted benzene derivatives is
successfully carried out by the photolysis of their mixture with t-BuHgCI in the presence of a base, that
is 1,4-diazabicyclo [2,2,2] octane (DABCO) used as a proton acceptor (Scheme 12).
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The mechanism of the process apparently assumes the participation of tert-butyl radical in the
bimolecular aromatic homolytic substitution resulting in the formation of a radical adduct and further in
that of a radical anion because the base (DABCO) eliminates proton from the radical adduct. Both the
radical adduct and the radical anion are stabilised by the R substituent. The chain reaction is initiated
by electron transfer from the radical anion to t-BuHgCI, regenerating tert-butyl radical (Scheme 13).
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The reactions of tert-butylation take place predominantly in the para-position to R, and if it is occupied,
the reaction does not occur. According to the Scheme 13 the regioselectivity must depend on the
resonance stabilization of the radical adduct formed due to ortho- or para- attacks by the tert-
butyl radical. However, the ortho-attack is less preferred because of the formation of an intermediate,
this being a sterically strained radical with bulk tert-butyl group in its ortho-position. However, in the case
of 2,4-difluorobenzonitrile, although the para-position is occupied, the reaction proceeds, and results in
46% vyield of an ortho-tert-butyl derivative of difluorobenzonitrile. Therefore, ortho-substitution with
respect to the nitrile group is activated, possibly due to the contribution of a linear resonance structure
(Scheme 14), wherein the steric stress is less. In general difluoroacetophenones are less reactive than
similar aldehydes or nitriles, perhaps due to sterically strained acyl group in the intermediate radical
adduct.
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The method of oxidative coupling of 2-naphthol with 5,6,7,8-tetrafluoro-2-naphthol in the presence of a
copper catalyst allows to obtain a moderate yield of tetrafluorobinaphthol (Scheme 15) [40].
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The reaction does not proceed with any other catalysts. The reaction temperature (at least

125°C) and catalyst (not more than 10%) are very important for this conversion. Under other conditions,
binaphthol containing no fluorine atoms is formed.

1.3. Reactions in the presence of bases

Tert-butyl acetate group was introduced into position 4 of 2,6-difluoronitrobenzene by the reaction of
2,6-difluoronitrobenzene  with  tert-butylchloroacetate in the presence of potassium tert-
butoxide (Scheme 16) [41).
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Vicarious nucleophilic substitution in 2,6-difluoronitrobenzene with tert-butylethylmalonate and NaH in
DMF followed by treatment with CF3COOH results in the ethyl ether of 2,3-difluoro-4-nitrophenylacetic

acid [42].

1.4. Metal complex catalysis



The types of reactions mentioned in above chapters, particularly various modifications of Friedel-
Crafts reactions, as well as other transformations, leading to the formation of new C-C bond, have been
successfully used in organic chemistry for the synthesis of alkyl-, aryl-, alkenyl-, and alkynyl-
derivatives of compounds belonging to different classes, including arenes and hetarenes, however,
several limitations imposed on this type of reactions initiated research on new approaches to the
preparation of these types of derivatives. During the recent decade the catalysis with complex catalysts
based on transition metals it thought to be one of the most promising and successful approaches to the
formation of C-C bond, thus opening wide synthetic possibilities. The use of catalysts for the
transformation of inert C-H bonds is particularly important in the cases when the well-known methods
are ineffective or wasteful. Transformations involving metal complex catalysts include either direct
replacement of hydrogen at C-H bond by a desired group, or hydrogen pre-replacement by a metal to
form an organometallic compound to react it further with a reagent containing the desired group. Usually
those are cross-coupling reactions of arenes or metal-arenes with appropriate halogenated derivatives.
In general, such transformations can be represented as follows:
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In what follows we shall consider the use of those approaches to a number of polyfluorinated arenes
and hetarenes.

1.4.1. Use of palladium catalysts

This is a promising way for direct arylation of electron-deficient polyfluoroarenes as the usual
reactions with electrophilic reagents are difficult for such compounds. Some researchers [43,44] have
offered new conditions for direct arylation of penta-, tetra-, tri- or difluorobenzenes, 2,3,5,6-
tetrafluoroanizol, 2,3,5,6-tetrafluorotoluene, and 4H-tetrafluoropyridine by the reaction of cross-coupling
with a wide variety of aryl- and hetaryl- halogenides (Hal = I, Br, Cl) in the presence of a base (K,COg,
1.1 equiv.) and palladium catalyst Pd(OAc), (1-5 mol%) and P(t-Bu),Me - HBF, (2-10 mol%), or
formed in  situ from Pd(OAc), and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (S-Phos)
(Scheme 18).
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The reaction with pentafluorobenzene proceeds at 80°C in isopropyl acetate, those with other
polyfluoroarenes proceed in DMA at 120°C. Earlier successful arylation of pentafluorobenzene was
carried out by cross-coupling of pentafluorophenyl boron derivatives with aryl iodides (for more
information on this type of reactions, see 2.3.). In the present case there is no need to obtain the
precursor pentafluorophenylboronic derivative, it simplifies the process and, of course, refers to
the advantages of this method. When polyfluoroarenes interact with chlorobromobenzene the reaction
involves C-Br bond. In the case of dibromoarenes double arylation is observed. Brominated
arene derivatives that involve various substituents either in one or in both ortho-positions react very
well. Chlorinated arenes both activated by para-methyl group or those deactivated react actively. In the
case of iododerivatives the best results are obtained with small addition of Ag,CO3[44], that helps to

remove the formed iodide salts inhibiting the process. Tri- and di-fluorobenzenes react with lower yields



than tetra- and penta- fluorobenzenes (for pentafluorobenzene the yield is 65-98%, while for
difluorobenzenes the yields are 29-42%), i.e. for polyfluorinated arenes there is obvious inversion of
reactivity as to compare with conventional aromatic electrophilic substitution, because more acidic C-H
bonds in arene react preferentially. If a fluoroarene contains a number of hydrogen atoms, either
diarylation or triarilation may take place resulting in a mixture of products. For 1,3-difluorobenzene the
reaction involves the most acidic proton in position 2 (product yield 85%). The study on competitive
reactions showed that the reactivity of C-H bond in fluoroarene is parallel to its acidity, and in the
presence of two C-H bonds the reaction involves the more acidic one that is ortho-positioned to fluorine
atom. The possible reaction routs are exemplified in Scheme 19 by the arylation of pentafluorobenzene
with aryl bromide. According to the calculated results [43], the reaction does not include the formation of
metalcyclic intermediates. The key step is the cleavage of C-H bond that includes the
concerted metalation of fluoroarene and H transfer either to the catalyst carbonate ligand (path C2) or to
the Br ligand (path C1). The metalation sensitivity immediately depends on the acidity of the ruptured C-
H bond. Path C2 has got the lowest energy barrier and it better fits the available experimental data, so it
is assumed to be the most probable path, though path C1 also cannot be completely rejected and it is
possibly realized in some cases.
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The considered reactions are scalable, and if using approximately equimolar amounts of two arylic
components they result in polyfluorinated biphenyl products that may be important for medical
chemistry, electron transport devices, light guide organic diodes, and elements in design of the liquid
crystal [43]. Similar conditions for pentafluorobenzene arylation resulting in
pentafluorobiphenyl derivatives are applied in the reaction with the bromophenyl fragment of a series of
C-2'-deoxyribonucleotides (yield 64% [45]) and 3-(trifluoromethylacetoxy)-4-methoxybromobenzene
(53% yield [46]).

An interesting variant of direct pentafluorobenzene arylation by p-bromotoluene using Pd-catalyst was
proposed in [47]. Similar to the above mentioned studies, the reaction was carried out in the presence of
a base (in this case, K3PO,) at 120° C (DMF solvent) and using Pd(OAc),catalyst that does not

contain bulky electron-donating phosphines for ligands, preferably from the standpoint of economy and
production, but pivalic acid was added as a co-catalyst. Carboxylate anion contributes to lowering of the
C-H bonds cleavage energy and may serve as a proton-carrier from substrate to inorganic base; and
together catalyst plus co-catalyst provide the deprotonation-metalation process, according e.g. Scheme
20 presenting the mechanism of xanthine arylation under the action of n-bromotoluene in the
presence of Pd (OAc),and pivalic acid. The yield of the product arylation of pentafluorobenzene by this

way is 80%.
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H Br F F
F F Pd{0Ac): (10 mal %)
. - a
k2P0, pivalic acid (10 mol %) —
F \ 0
| F DMF. 120°C F F 80%
Br
N Pd(DAc)s. K2PO, _
@: Y H o+ (OAc)z. Kq \ D Hn:xj\l .
r‘il pivalic acid / O—IT'L'I* \N
of
=

N
o F'u:l — —Q—( ;@
:

Oxidative coupling of 1,4-difluorobenzene with 1,2-naphthoquinone in the presence of Pd(OAc),, and
CH3COOH, and following the technique [48] described for 1,4-dichlorobenzene resulted in the formation
of 4-(2,5-difluorophenyl)-1,2- naphthoquinone (Scheme 21) [49].
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Activation of C-H bond in 3,4-difluoroacetanilide by palladium complex occurs in the Mizoroki-Heck
oxidative reaction between the anilide and butyl acrylate [50]. The main direction of the reaction is
alkenylation to position 6 (product yield 60%). In the presence of the trimethylsilyl group at position 2 a
2-alkenyl derivative is formed (85%) (Scheme 22).
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The reaction proceeds via the formation of cyclic palladium complexes due to the substitution of
corresponding ortho-hydrogen, or silicon atoms with palladium. Those complexes were isolated
and characterized by spectroscopic and X-ray diffraction methods. Those transformations require the
presence of acetamide group, because it facilitates linking of electrophilic palladium to the ring,
and favours the formation of a new C-C bond in its ortho-position. Indeed, the reaction does not occur
with free amines.

The interaction between dihalogenated anilines and dihalogenated pyridines in the presence of
palladium catalyst and a base in a one-pot process leads to a-carbolines. The reaction proceeds in two
steps via palladium-catalyzed arylamination followed by intramolecular arylation. In this manner 5,8-
difluoro- a-carboline was produced (Scheme 23) [51].

Scheme 23
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The best are conditions, when at the first process step triphenylphosphine is a ligand of the palladium
catalyst, and tricyclohexylphosphine complex with HBF,, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)

are further added, and the reaction temperature rises.

The palladium-catalyzed exclusively 5-exo-dig hydroarylation with intramolecular cyclization resulting
in some derivatives of 9-benzylidene-9H-fluorene occurs in the case of ortho-alkynylbiaryls
(Scheme 24) [52].
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The reaction proceeds due to the activation of C,,-H bond thanks to ortho-palladation, and insertion of

palladium into triple bond to produce a vinylpalladium intermediate which converts to the finish
compound via protodepalladation, the catalyst being regenerated.

Another convenient variant of the palladium-catalyzed method for direct arylation of electron-deficient
polyfluoroarenes is their cross-coupling with arylboronic acids in the presence of an
oxidant (Scheme 25) [53].

Scheme 25
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In reactions with pentafluorobenzene, along with said aryl boronic acids, some other acids with Ar =
4-RCgH4(R = CI, CH3, OCH3, CHO, N(CH3),) were applied. The reaction success is due to

simultaneous adding to Pd (OAc),and oxidant both of a weak base that promotes cleavage of the

acidic C-H bond, and of a weak acid, that slows down transmetalation of arylboronic acids, that
otherwise would lead to their unwanted homocoupling. Using the reaction of pentafluorobenzene (0.2
mmol) with phenylboronic acid as an example, it can be shown that the best conditions for the formation
of pentafluorobiphenyl (yield 90%) assume the use of 2 mol% Pd(OAc),, 0.5 eq. K,CO3, 0.3 eq. p-toluic
acid and 1.2 equiv. phenylboronic acid. The effective oxidant is Ag,CO3(2 eq.), reaction temperature is
110°C, the solvent is DMA. The presence of donating substituents in aryl boronic acid molecule favours
biaryl formation; however, the reaction does not occur with ortho-methyl-substituted phenyl boronic acid.

The lower reactivity of aryl boronic acids with electron-withdrawing substituents might be offset by the
replacement of base (e.g., using KF instead of K,CO3) and increase it in amount. The reactivity of



polyfluoroarenes directly depends on the acidity of C-H bond, and it dictates the choice of the base. For
the transformation of more acidic C-H bonds in 2,3,56-tetrafluoropyridine and 2,3,5,6-
tetrafluorobenzonitrile they use 0.5 eq. K-salt of n-toluic acid as a base and 0.6 eq. pivalic acid, the
ratio polyfluoroarene-to-arylboronic acid being 3:1. For polyfluoroarenes with less acidic C-H bonds
(isomeric tetrafluorobenzenes, bromotetrafluorobenzene, 1,3,5-trifluorobenzene, 1,3-
difluorobenzene, and 2,4-difluorobenzophenone) a combination of 0.5 equiv. K3PO, and 0.6 eq. pivalic

acid is used. Although some polyfluoroarene molecules have multiple positions for arylation, their
monoarylation is mainly realized by the most acidic C-H bond, e.g., that located between two fluorine
atoms. Thus, 1,3-difluorobenzene arylation occurs at position 2. In the case of 1,3,5- trifluorobenzene,
a mixture of mono-and diaryl derivatives is produced in the ratio 4.5: 1, while for 1,3,4,5-
tetrafluorobenzene it is a mixture of mono- and di- derivatives with ratio 4.6:1. The arylation of 2,4-
difluorobenzophenone occurs exclusively at the meta-position to its benzoyl group and at the para-
position to fluorine .

The authors propose the following scheme for the transformations, starting with the formation of an
arylpalladium intermediate through B-Pd trans-metallation followed by palladation of fluoroarene
by concerted metalation - deprotonation and reductive elimination of Pd (0) (Scheme 26).

Scheme 26
PhﬂGHb

PhPdL, Pd"
F
Pd - i

1.4.2. Use of rhodium-based and nickel-based catalysts

Polyfluoroary! boronic acid derivatives may also be used as arylating agents, e.g. in the case of
quinones. Thus the reaction of trifluoro-(3,5-difluorophenyl) borate with 1.5 molar excess
of naphthoquinone and catalytic amount rhodium catalyst results in the formation of 2-difluorophenyl
derivative of naphthoquinone, but the compound yield is not high (22%, Scheme 27) [54]. A by-product
of the process is 1,4-hydroxy-naphthalene.
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In the presence of rhodium catalyst the reaction of 3,4-difluorophenylboronic acid with 1-(1-benzyl-
2,5-dihydro-1H-pyrrol-3-yl)ethanone occurs through the addition of fluorinated aryl fragment to the
double bond of 2,5- dihydropyrrol ring (Scheme 28) [ 55].



Scheme 28

Rh{acac)/(C,H.)- (0.05equiv.)

N”“x (R) BINAP (0.05equiv.)
(HO)B
CH,0H/M,0, 55°C
”32“”“0

F — 40%
F

Amino-Claisen rearrangement of N-1-propargylanilines with acceptor substituents in the ring including
fluorine atoms occurs at heating in hexafluoroisopropyl alcohol medium at the presence of rhodium
catalyst and results in 2- or 2,3-substituted indoles [56]. This approach was used for the synthesis of
2,3-dimethyl-4,6- difluoroindole (Scheme 29). It is assumed that the reaction proceeds via
intermediate ortho-allenylaniline derivative, due to amino-Claisen rearrangement, that further converts to
an indole derivative via intramolecular cyclisation.
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The real process catalyst is an alkoxy adduct of RhH(CO)(PhsP)swith solvent; the adduct was
isolated and characterized (Scheme 30).
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Efficient alkenylation and alkynylation of polyfluoroarenes via activation of their C,-H, favoured over
that of Cx,-F, occur in their interaction with 1,3-dienes, vinylarenes, and alkynes in the presence of a

complex nickel-catalyst [57]. The method advantage is that it does not require pre-deprotonation of
acidic hydrogen of polyfluororarene by the action of organometallic base, taken in stoichiometric
amount, followed by a reaction with an electrophile. In this case to activate C,,-H bond it is sufficient to

use some nickel catalyst in catalytic amounts (5-10 mol%). It is interesting, that although usually
for Ni(0O) complexes, oxidative insertion at C-F is favoured over that at C-H; in this case C-H bond
participates in the reaction (Scheme 31).
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Sterically strained non-symmetric alkynes are stereoselectively added resulting in cis-adducts with
bulky substituents exclusively at trans-positions to the polyfluorinated ring. For 4-octyne its reactions
were studied with 2,3,5,6-tetra- and 3,5-difluoropyridine, 1,2,34- , 1,2,35- and 1,24,5-
tetrafluorobenzene, 1,2,3- trifluorobenzene, and 1,2- and 1,3- difluorobenzene, 2,3,5,6-tetrafluoroanizole
and methyl ester of 3,5-difluoro-benzoic acid. If polyfluoroarene molecule contains more than one
hydrogen atom the reaction involves the second C,,-H bond to form dialkenyl polyfluoroarenes; the

ratio of mono- to di-products depends on the reactants ratio: excess of 4-octyne favours disubstitution,
while the excess of polyfluoroarene favours mono- alkenylation. Increasing the number of fluorine
atoms facilitates the reaction. The most activated C-H bonds are those at ortho-positions to fluorine.

The reaction with 1-phenyl-1,3-butadiene occurs at the terminal double bond (Scheme 31). The
reaction with 2-vinylnaphthalene (Scheme 31) results in 1,1-diarylethane. The reaction mechanism is
exemplified by that of pentafluorobenzene represented in Scheme 32.

Scheme 32
( 3 L, Mif0) 1 wnn 2
ol e Co
CeFeH o ﬁ,rann
I::EFE LI'I l.‘- - MK M-:
LMi,  H Ni f‘ilﬁn - -
R" R? NS P %
o : D"
c F
H /\J MK B
FF Ph~x
II‘E"II
R'——FR? CoFaNi--H
|
g L

The reaction begins with the formation of n-arene complex "A" followed by oxidative addition of Ni to
the arene C-H bond and the formation of "B". The coordination is preceded by introduction of alkyne in

Ni-H bond. The coordination can avoid steric repulsion between the most bulky Rzgroup and CgFs-

ring at Ni-centre. The reductive elimination results in alkenylated polyfluoroarene (3) and regenerates Ni
(0) compound. With alkenes tt-allyl complex "D" or benzylnickel complex "E" are formed respectively,
their reductive elimination results in products (1), (2), and the regenerated Ni (0).



2. Reactions with pre-activation of Cp,-H bond by metalation

2.1. Formation of lithium derivatives and their reactions

The well- known and widely used method for alkylation or arylation of aromatic molecules is replacing
of aromatic hydrogen with lithium followed by reacting of the formed lithium-organic compound with
an electrophile. The presence of fluorine atoms in polyfluoroarene molecule makes adjacent protons
more acidic thus facilitating their interaction with lithium bases. The most acidic proton at the ortho-
position to fluorine undergoes lithiation. In the case of two fluorine atoms at meta-positions CAr-H bond
between them is subjected to lithiation. Lithiation occurs at low temperature and it is generally conducted
in the presence of N, N-diisopropylamine or N,N,N',N'-tetramethyl-1,2-diaminoethane (TMEDA). For the
reactions with methyl iodide it is the rout for methylation of 2,4,5-trifluorobenzoic acid to 2,4,5-trifluoro-
3,6- dimethylbenzoic acid, and 3-chloro-2,4,5-trifluorobenzoic acid to 3-chloro-2,4,5-trifluoro-6-
methylbenzoic acid [58, 59],tert-butyl(2,3-difluorobenzyloxy)-dimethylsilane to 4-methyl derivative [60],
2,4-difluorobromobenzene to 3-methyl-2,4-difluorobromobenzene [61], 3,5-difluorobromobenzene to 4-
methyl-3,5- difluorobromobenzene [ 62], 1-cyclopropyl-6,7-difluoro-2-methoxy-1H-quinazoline-2,4-dione
to 5-methyl derivative [63]. The reaction of methyl iodide with 1,3-difluoro-5-(3',5'-
dimethoxybenzyloxy)benzene results in 90% yield of 2-methyl derivative, which is methylated to 2,4-di-
and 2,4,6-trimethyl derivative in similar manner (Scheme 33) [ 64].
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In this case, the position for lithiation is determined not only by ortho-orienting effect of fluorine, but
also by oxygen-lithium reagent complexation, however, the first effect dominates and governs the
location of the methyl group first entry (position 2). This is also favoured by metha-positions of fluorines
and oxygens. For compounds with other positions of both, their benzylic protons are selectively lithiated,
albeit with low yields.

Other examples of monomethylation or dimethylation of polyfluorinated fragments with
preliminary lithiation and treatment with methyl iodide are described in [65, 66], and those with
dimethylsulphate in [67]. 2,3-Difluoroalkylbenzenes (Alk = n-Bu,i-Bu, Et, n-Pr, cyclohexylmethyl) are
produced from o-difluorobenzene in the reaction with n-butyl lithium and appropriate alkyl iodide in the
presence of TMEDA [68]. The lithiation of 3,4-difluorobromobenzene at position 2 and subsequent
reaction with a cyclopentene triflate results with good yield in a product containing a benzyl C- C bond
(Scheme 34) [69].
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Non-catalyzed anionic interaction of aryllithium derivatives with 1,2-dibromobenzene provides direct
access to ortho-,ortho-halogenated biaryls, which may be of practical importance because biaryl
moiety makes part of many biologically active compounds used in pharmaceutical and liquid crystalline
structures. This transformation is realized by reacting m-difluorobenzene [70], or some its derivatives
[71] with 1,2-dibromobenzene (Scheme 35).



Scheme 36

F F
C[BF n-Buli or #Buli Q
+
RZ F Br RZ Foar
R’ R
R'=RZ=H 81% [70]
R'_OCH, RZ=H 81% [71]
H OCHa 78% [71]
Cl H 68% [71]
H Cl 73% [71]

The transformation mechanism involves the formation of aryl lithium intermediates through the
Hal-M and H- M exchange, and the participation of highly reactive dehydrobenzene, that is produced
from o-dibromobenzene via the conversion of unstable lithium derivatives. It is followed by nucleophilic
addition of a rather stable polyfluorinated lithium derivative to dehydrobenzene, and this is the rate-
determining step. The next step is bromine transfer from the original o-dibromobenzene, resulting in the
final ortho polyhalogenated substituted biaryl (Scheme 36). The advantage of the method is that it does

not require complicated catalysts for coupling .
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2-Bromo-2'6'- difluorobiphenyl is produced from 1,3-difluorobenzene and -bromochlorobenzene in
similar manner (yield 66%) [72].

It is assumed that the intermediate dehydrobenzene is also produced through the lithiation of 2,6-
difluoro-trimethylsilylbenzene. The said dehydrobenzene reacts with lithium predecessors resulting
in isomeric trifluorobiphenyls (Scheme 37) [73].
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The cycloalkylation of o-difluorobenzene under the action of 4-(trans-4-propylcyclohexyl)cyclohexane
with simultaneous dehydrogenation is realized as well, its final product being 2,3-difluoro-1-[trans-4-
(trans-4-propylcyclohexyl)cyclohexenyllbenzene (yield 48 %, Scheme 38) [ 74].
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Organolithium compounds formed from polyfluoroarenes may add to carbonyl groups of aldehydes or

ketones resulting in polyfluoroarene oxyalkylation products. Some examples of such conversions are
shown in Scheme 39.




F .
/@’ n-Buli
F 95%

@ n-Buli

F F

Cr
F Li

Scheme 39

D:Cd-CHEF'h

F
86% [75] - /[ jH;Qd-CH;Ph

o=<:>/\r:oz[r-ﬂg] =

85%  [76] - HQQ/\CDDH

S, -

Li

H.,CO ; CHO F F
MO5 :

[77]




Scheme 39(continued)

F
0 £ -
/@\ . Hodo—_  n-BulLi 0
1 —_—
. o’ o 66% [79] CH—CO™ ™
F OHO
F
rm-Buli | F
+ CHaCHO —_—
F | 47% [80] CHOHCH-
F
F
F n-BuLi F
98% [81]
F HO R
Br Br
[:l .
L O O
. R
F 75% [82] OH
F

0
T D—CHD _LDA
- 40% [69] F

0] rn-Buli 0 OH
F@“ ' EJGD 53] [CE’DLQC’\

F F

CiH; C:Hi; C;His  [843]
="C.H, . [85]

Scheme 39(continued)
F F

F F
£BuLi OH
= + DHC@CI — R @m
[66]

FF FF
F
P e H
| +
-
£ TNTF

R=Ph 85%
OMe 93%
i © o
CeHCHO B fTC;H:
- eH:
% BT Ay

Further to the said transformations of polyfluorinated lithiumarenes, some of them are used for
feedstock in organometallic synthesis of other organometallic derivatives, inter alia, compounds of



copper, boron, etc., via transmetalation process.

2.2. Formation and transformation of organocopper derivatives

A general method for copper-catalyzed arylation, alkenylation, and benzylation of CspZ-H bond,
designed for a wide range of compounds with a pKa less than 35, is successfully applied to
polyfluoroarenes. It comprises copper salts-catalyzed reacting of arenes containing two or more
fluorine atoms in their rings, with the corresponding halogen derivatives in the presence of some bases
[88-91]. Both iodides and bromides, and occasionally, chlorides, e.g., heterocyclic ones, that may
comprise donor or acceptor groups, are applicable. lodides are preferable in the case of less reactive
species (e.g., mesitylene derivative). The best results are obtained when Cul catalyst is combined with
phenanthroline ligands. K3PO, is the most acceptable base, but for difluorosubstituted substrates the

best results are those with lithium alkoxides. DMF or DMF/xylene is used as solvent. The method
provides a convenient and cheaper alternative to other metal catalysis, e.g. palladium, ruthenium or
rhodium catalysts (Scheme 40).
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The reaction proceeds most efficiently at the most acidic C-H bond located between two fluorines. In
the case of 1,2,3,4-tetrafluorobenzene, where such bonds are not available, the reaction with p-
iodotoluene proceeds with only 10% yield [89]. If a molecule contains two halogens, be they similar [89,
90] or different [91], both of them participate in the reaction and therefore two aryl groups Ar
are introduced into the molecule. The possible reaction mechanism is shown below (Scheme 41).
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It is assumed that under action of a base the of acidic bond Cx,-H undergoes deprotonation, and an
AreM compound thus formed is further transmetallated to an organocopper compound, which being
added to ArHal, results in the final product. In support of this scheme an intermediate complex CgF5Cu-

phenanthroline is produced, isolated and characterized in the reaction with pentafluorobenzene, the
complex reacts with aryl iodide to give biaryl [89].

It is found that a direct catalysed reaction of polyfluorinated arene coupling with
compounds containing no halogen atoms is possible. Therefore, the reaction between polyfluorene and
terminal alkynes in the presence of a copper catalyst in air results in polyfluoroarylalkynyls with yield of
25 to 76% (Scheme 42) [ 92].
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The presence of donor substituents X favours the yield of the coupling product. With R=CF3 even

with donor X substituents the yields are lower than those with R=F. Tri- or difluorenes do not enter the
process, may be because of insufficient acidity of C-H bonds in those compounds. Alkylalkynes do not
react at those conditions as well.

2.3. Formation and transformation of polyfluoroarylorganoboronic derivatives

Arylboronic compounds, mostly arylboronic acid or its derivatives produced from corresponding ary!l
lithium derivatives and boron compounds, undergo cross-coupling with aryl halides, triflates or
tosylates, in the presence of a base, catalyzed by transition metal complexes, most often those of
palladium or nickel. Thus there is a splitting off halogens or OSO,R-groups, and new C-C bonds are

formed due to combination of aryl-aryl fragments. This transformation, named Suzuki reaction, opens
numerous synthetic possibilities being one of the most promising methods for the manufacture of bi-
and polyaryls, many of which have practically useful properties or serve as a basis for the preparation
of compounds having such properties [93]. In general, the reaction can be represented as follows
(Scheme 43) [5, p.25, 26].
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Chlorides are least active in this reaction due to the higher dissociation energy of C-Cl bond, resulting
in lower ability of this bond to add oxidatively Pd (0) or Ni (0), while this is a key step of the process. In
Suzuki reaction, as in all transformations with metal complex catalysts, the important role belongs to the
choice of base and catalyst ligands, and the amount of catalyst used. This reaction, with all its features,
advantages, disadvantages and mechanism details is discussed comprehensively in a number of
reviews, e.g., [4, 94], and monographs [5-8]. In this chapter we analyze its application to a number of
polyfluoroarenes, while among the considered polyfluoroboroarenes there are compounds which lithium
precursors are produced when lithium substitutes either proton at Cp,-H bond, or halogen at Cx,-

Hal bond. For more details of Cp-Hal — Cx,-Li transformations, see Ill.

MR (M =B)

2.3.1 Difluorophenylboronic acids

2,4-Difluorophenylboronic acid (1) and its 3,4- (2), 3,5- (3) and 2,5- (4) difluoroisomers react with 3-
bromophenylmethylacetate, in the presence of NaOH, and a triphenylphosphine derivative of
palladium used for a catalyst, and the process involves the substitution of bromine [95]. Similarly,
reaction 1 with 4-bromobenzaldehyde occurs using the same catalyst, and K,COgjas base

(Scheme 44) [96].
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Through the interaction of 1 with methyl-2{[(trifluoromethyl)sulfonyl]loxy}benzoate methyl-
2'4'- difluoro-2-carboxylate is produced (Scheme 45) [ 97].

Suzuki reaction between acid 1 and 4-bromoacetophenone conducted in the presence of K,COzand
various palladium complex catalysts results in high yields of the cross-coupling products [98, 99].
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It is found that when the ligand chosen for PdCl,is electron-donating and sterically bulky dibenzyl -N-
(diisopropyl)phosphoramidite P(OBn),N(i-Pr),, while the base is Na,COg, it is possible to use only 0.01

mol % of the catalyst, to carry out the reaction at room temperature, and to prepare the product with
a yield of 92% [100].

Scheme 46
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The reactions of compound 1 with halogenated heterocycles containing a halogen atom directly
on the heterocycle or in the heterocyclic aryl component are exemplified in Scheme 46 (asterisk
denotes the substitutable halogen atom). In most cases palladium catalysts, are Pd(PPhg),or

PdCl,(PPh3),, while K,CO3, Na,CO3, Cs,COgzare used as bases.

For more examples of such reactions between compound 1 and various heterocyclic halides see
[107-115]. The process using microwave radiation is disclosed in [116]. Generally, any such reaction
constitutes a step of a multistep process for the production of complex substances with promising
properties.

Suzuki reaction with 3,5-difluorophenylboronic acid 3 is illustrated by Scheme 47.
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3,5-Difluorodiphenylmethanes are produced with high yields (70-97%) by reacting compound 3 with
benzy! chloride or bromide and using Pd[(N-succ.)Br(PPhgs),] for the catalyst [121]. Polyfluorinated

alkylcyclohexyl derivatives of bi- or terphenyls are obtained by Suzuki cross-coupling
reactions between acid 3 and 4- or 4'- alkylcyclohexyl derivatives of 1-iodo-2-fluorobenzene or 3-fluoro-
4-iodobiphenyl respectively in the presence of Pd/C and K,CO(yields from 65 to 87%) [122, 123]. An

example of triflate group substitution with 1,3-difluorophenyl group in a cyclohexene derivative by its
reaction with 3 is shown in [124] (55% yield).

The reaction between 2-hydroxy-3,5-difluorophenylboronic acid and 2-substituted 4-bromo-1,3-
thiazole involves the substitution of bromine, but the yield of 4-difluoroary! derivative of 1,3-thiazole is not
high (16%) [125].

Acid 3 was also used to produce biaryls and heterobiaryls another method that is implemented as a
one-pot conversion of a mixture of 3 with benzene or thiophene in the presence of Mn (lll)-acetate,
under microwave irradiation (Scheme 48) [126].

Scheme 48
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This is the usual radical way to biaryls, and Mn(OAc)3. 2H,0 is a one-electron oxidant used to
generate radicals, thus leading to the formation of C-C bond. It can be obtained from KMnO,4+
CH3COOH under microwave irradiation. The novelty of the proposed method consists in the use of

microwave radiation instead of conventional heating, and its advantages are: high product yields, short
reaction time, and small consumption of benzene or thiophene, that are to be used for reagents only, but
not for solvents.



To prepare the compounds with interesting biomedical properties the synthesis was realized, the initial
step of which is Suzuki reaction between a enol triflate of substituted pyrazole and 2,3-
difluorophenylboronic acid (5) [113], similar to the reactions of difluorophenylboronic acids 1, 2, 3
and 2,3,5-trifluorophenylboronic acid [113], which runs via the substitution of OTf- group.

In terms of producing materials with interesting liquid-crystal properties the Suzuki reaction was
studied between halogenated arenes and acid 5, or its 4-alkoxy and 4-alkyl derivatives, including those
with long alkyl chains, resulting in polyfluorinated biphenyls with terminal alkoxy- or alkyl- groups.

The reactions between acid 5 and bromoarenes [84b] or iodoarenes [81, 93] are shown in Scheme
49, while those of its 4-alkoxy derivatives with long alkyl chains are shown in Scheme 50 [81 , 84b, 127,
128].
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The involvement of 4-alkyl derivatives of acid 5 into the reaction leads to various outcomes.
Thus, 2,3-difluoro-4-heptyl-6-methylboronic acid did not react with 2-cyano-4-oxyoctyl-6-
methylbromobenzene in the presence of Pd(PPhg),, and only using of 3 mol% of PdCl,, 6 mol%

PPhs, and CsF for base, after careful drying of all reactants, made it possible to produce the

corresponding biphenyl with yield 21% (Scheme 51) [85]. In the model experiment with bromobenzene,
the yield was 40%.
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Cross-coupling of 4-alkyl derivatives of acid 5 either with bromophenol/its ethers [68], or with 1-iodo-
2-fluoro-4-bromobenzene is presented in Scheme 52.
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In terms of terphenyl structure design with desired location of substituents, starting from 4-alkyl or 4-
aryl acid 5 derivatives, two series of terphenyls were synthesized with terminal alkyl chains containing
two fluorines either at their terminal or central ring, wherein in the first case a bromoderivative of biaryl

was introduced into the reaction as a halogenated aryl component (Scheme 53) [84a].
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Finally, Scheme 54 represents an example of Suzuki reaction with the use ofpara-trimethylsilyl
derivative of acid 5 ester resulting in a gradual growth of the chain attached to polyfluorinated
quaterphenyls [129]. Since the reactions described elsewhere [129], applied some combinatorial and
parallel methods and made use of halogenated derivatives with variable number of fluorines or without
fluorines, they resulted in a wide range of biphenyls, ter-, or quaterphenyls containing different number
of fluorine atoms. The use of more stable esters of boric acid instead of free acids can reduce the side-
process of deborylation. It should be noted that, in examined Suzuki reactions if more than two
fluorine atoms occupy the ortho-position to the formed C-C bond, the product yield is low or the reaction
does not occur at all.
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For the formation of bipheny! derivatives in the Suzuki reaction between boric acid 2 and 2-nitro-4-
chloromethylbenzoate and o-bromophenol see [130-132], while for that with 3,5-substituted
bromobenzene see [133]. The corresponding biphenyl is produced with 94% yield starting with acid 2
and 4-(4'-alkylcyclohexyl)bromobenzene, and using a complex of bis(imino)pyridine Pd (Il) as catalyst
[134]. Scheme 55 exemplifies the Suzuki reaction between acid 2 and heterocyclic compounds
containing bromine and triflate group, and also that between an acid 2 ortho-N-2 pivaloylamide derivative
and a triflate belonging to cyclopentene series.
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Acid 2 nucleophilic addition to benzaldehyde in the presence of nickel catalyst leads to an oxyalkyl
derivative (scheme 56) [139]. The mechanism of transformation is yet unknown, but it is assumed that
nickel catalyst acts as Lewis acid.

Scheme 56
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A reaction of heterocyclic trifluoromethanesulfonate similar to that shown in Scheme 55 is realized for
phenylboronic acid 4[137]. The same acid enters Suzuki reaction with a chlorinated derivative of
substituted 1,3-oxazole [117], p-bromotoluene under microwave irradiation [140], and o-bromoaniline [
141]).

2,6-Difluorophenylboronic acid (6) [104] (just like other isomeric difluorophenylboronic acids), 4-
substituted acid 6 [142, 143], and esters of 4-substituted acid 6[123 ] also undergo Suzuki reaction.

2.3.2 Trifluorophenylboronic acids



3,4,5-Trfluorophenylboronic acid (7) undergo Suzuki reaction with 7-substituted 3-iodochromone in
the presence of Pd/C and K,COgj, resulting in 80% yield of the corresponding chromone
with trifluorophenyl group at position 3 [114, 115]. Reaction involving chlorine atom occurs in the case 7-
chloro-4-oxa-2-propyl-1,2,3,4,4a,9,10,10a-octahydrophenantrene, PdCl,(PCy3),is used as
catalyst [144]. Brominated derivatives also readily undergo Suzuki cross-coupling reaction with acid
7. Thus, in the presence of Pd(PPhg)s, (Bu)sNBr and NaHCOj; 4-(1-hydroxycyclopentyl-
1)bromobenzene and acid 7 react to produce trifluorobiphenyl derivative with 90% vyield [145]. 4-(4'-
Alkylcyclohexyl) bromobenzene and acid 7 undergo Suzuki reaction with bis(imino)pyridinepalladium
(I complex used as catalyst, the reaction results in the formation of a biphenyl derivative with 4-(4'-
alkylcyclohexyl) group on one of its aromatic rings, and three fluorine atoms on its other ring,
the reaction yield is 94% [134]. In the case of substituted biphenyl with bromines on each of its aromatic
rings [146], or a heterocyclic dibrominated derivative as shown in Scheme 57 [147], the reaction
involves both bromine atoms.
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Finally, Suzuki reaction of acid 7 and 6-oxo0-8-propyl-7,8,9,10-tetrahydro-6H-benzo[c]-chromen-3-
yl trifluoromethanesulfonate with PdCl,(PPhg), and aqueous hydrazine hydrate occurs with the

participation of OTf-group [148].

2,3,4-Trifluorophenylboronic acid is cross-coupled with o-hydroxybromobenzene [132] to produce
compounds with ortho-hydroxybiphenyl systems, those being promising nonpeptide protease inhibitors
(accumulation of fluorine atoms contributes to the growth of inhibitor activity). 5-Alkyl- and 5-alkoxy-
derivatives of 2,3,4-trifluorophenylboronic acid were added into Suzuki process having in mind to
synthesize polyfluorinated terphenyls containing 1,5-disubstituted 2,3,4-trifluorophenyl fragments that
have the properties of liquid crystals (Scheme 58) [149].
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The yields of those reactions are high.

On Suzuki cross-coupling of 2,3,5-trifluorophenylboronic acid with 3-oxocyclohex-1-enyl triflate
involving triflate group, see [150].

2.3.3 Pentafluorophenylboronic acid and polyfluorophenylborates



Pentafluorophenylboronic acid is inactive at usual Suzuki cross-coupling conditions, but the use of
Ag,0+CsF additives to palladium catalyst promotes the reaction [151]. The reaction is most efficient

(yields exceed 90%) when it is carried out with aromatic iodides or bromides, respectively, with
CgHsl and XCgHy4Br, here X= 0-,m-,p-CH3,m-, p-OCHg, p-F, p-OC,Hg, p-CF3,p-NO», 2-naphthyl. In the
case of chlorobenzene the yield of pentafluorobiphenyl is only 39%. The best catalytic system
for iodides is Pd(PPh3),/CsF/Ag,0, while that for bromides (and for chlorobenzene) is Pd,(dba)s/P(t-
Bu)3/CsF/Ag,0.

Frohn and Bardin [152] exemplify the use of lithium and potassium salts of polyfluorophenylborates as
reagents for the manufacture of biphenyl derivatives in the palladium-catalyzed cross-coupling reactions
with aromatic iododerivatives in the presence of Ag,0 in stoichiometric amounts. The general scheme

for those transformations is shown below (Scheme 59).
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In principle, lithium salts are more reactive than potassium salts, but Ag,O additive equals the
reactivity of both salts with respect to this process. Substituted bromobenzenes proved to be less
effective than iododerivatives [152 b]. The yield of biphenyl derivatives is also low in the interaction of
K[CgF5BF3] with substituted benzodiazoniumtetrafluoroborates [4R-CgH4N5][BF4]. Here Pd(PPh3),was

found to be the best palladium-based catalyst [152c].

The interaction of potassium salt trifluoro-(2,6-difluorophenyl)borate with 2-substituted 5-iodopyridine
in the presence PdCl,dppf results in a product of iodine substitution for 2,6-difluorophenyl! group, the

yield is 17 % [ 153].

2.4. Formation and reactions of the polyfluorinated organozinc and organotin
compounds

3-(3,4,5-Trifluorophenyl)-thiophene was synthesized by the Negishi cross-coupling reaction between
a zinc complex (produced from 1,2,3-trifluorobenzene) and 3-bromothiophene. The applied catalyst was
PdCl,(PPhg),or Pd(PPhg3),[154]. In [155] to obtain either aryl or heteroaryl zinc reagents from

activated aromatics or heteroaromatics with subsequent use of those reagents in Negishi coupling
reactions the authors proposed a new, mid and effective base that was 2,2,6,6-
tetramethylpiperidinezinc chloride with lithium chloride (TMPZnCI. LiCl), which in its turn was prepared
from 2,2,6,6-tetramethylpiperidine, BuLi and ZnCl, (Scheme 60).
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Consequential reactions of 1,3-difluorobenzene or 1,3-difluoro-5-methoxybenzene with p-BulLi and
ZnCl, followed by that with (3-amino-2-bromopyridine-4-yl)-(2,4-difluorophenyl)-methanone in

the presence of Pd(PPh3),; makes it possible to produce difluoroarenes with pyridine

fragments (Scheme 61) [112]. It should be noted that the final product with R = H may also be produced
by Suzuki reaction using 2,6-difluorophenylboronic acid 6 [112].
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It is assumed that the reaction proceeds via intermediate difluoroarene zinc derivatives that by
Negishi reaction with pyridine bromoderivatives are converted to the observed products. Similarly 3,4,5-
trifluorophenylation of 4'-(3-n-butylbicyclo[1,1,1]-penta-1-yl)-3,5-difluorobiphenyl at position 4 occurs by
reacting it with 3,4,5-trifluorobromobenzene, n-BuLi, ZnCl,and Pd(PPhs), [ 156].

The modification of polyfluorinated biphenyls synthesis by Negishi reaction implies preliminary
production of polyfluoroaluminumaryl derivatives through direct alumination with an aluminium reagent,
and their further trans- metalation with ZnClyto result in zinc derivatives. Those derivatives

enter palladium-catalyzed Negishi cross-coupling with aryl iodides to result in biphenyl derivatives
(Scheme 62) [ 157].
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One step in the production of biarylcarbamoylindolines, those being promising antidepressants, is the
Stille reaction that is the interaction between (2,6- or 3,5-difluorophenyl)tributyltin and 5-bromonicotinate
(Scheme 63) [ 158].
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continued in the next issue

List of Abbreviations

1. acac — acetylacetonate

2. AIBN —a,a’ -azobisisobutyrodinitrile

3. BINAP — 2,2" -bis(diphenylphosphino)-1,1’ - binaphthyl

4. (R)-BINAP — (R)-1,1" - bis(diphenylphosphino)-2,2’ - binaphthy!l
5. Boc — tert-butoxycarbonyl

6. COD — 1,5-cyclooctadiene

7. Cp — cyclopentadieny!

8. Cy — cyclohexyl

9. Cy2NH — N,N-dicyclohexylamine

10. Cyp — cyclopentyl

11. DABCO — 1 4-diazabicyclo[2,2,2]octane

12. davephos — (2-bicyclohexylphosphino)-2’ -(N,N-dimethylamino)biphenyle
13. dba — dibenzylideneacetone

14. Dt BPF — 1,1-bis(di-tert-butylphosphino)ferrocene

15. DiIPPF — 1,1’ -bis(di-isopropylphosphino)ferrocene

16. DBU — 1,8-diazabicyclo[5.4.0Jundec-7-ene

17. dppe — 1,2-bis(diphenylphosphino)ethane

18. dppf — 1,1’ -bis(diphenylphosphino)ferrocene

19. dppp — 1,3-bis(diphenylphosphino)propane

20. dppbz — 1,2-bis(diphenylphosphino)benzene

21. dii ppbz — 1,2-bis[(4-isopropylphenyl)phosphino]benzene
22. EPHP — 1-ethylpiperidine hypophosphite

23. L — ligand

24. LDA — lithium diisopropylamide

25. LITMP — lithium tetramethylpiperidide



26. NHC — N-heterocyclic carbene

27. NEM — N-ethylmorpholine

28. OTf — trifluoromethanesulfonate

29. PCy3 - HBF4 — tricyclohexylphosphine tetrafluoroborate

30. Phen — 1,10-phenantroline

31. i-Pr2Im — 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene

32. i-Pr2ImC — 1,3-bis(2,6-diisopropylphenyl)imidazolinium chloride
33. Rh(acac) bis(C2H2) — Rhodium acetylacetonate/bis ethylene
34 PCy2-dmb — 2-(dicyclohexylphosphino)-2’ ,6" -dimethoxybiphenyl
35. TBAB — tetrabutylammonium bromide

36. TBAF — tetrabutylammonium fluoride

37. TFA — trifluoroacetic acid

38. TMAF — tetramethylammonium fluoride

39. TMEDA — N,N,N’ ,N’" -tetramethylethylenediamine

40. Tf — trifluoromethanesulfony!

41. tfp — tri(o-furyl)phosphine

42. TMP — 2,2,6,6-tetramethylpyperidine

43. TFSA — trifluoromethanesulphonic acid

44. Ts — tosy! (4-toluenesulphonyl)
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