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Abstract: Organoboron compounds are well known
building blocks for many organic reactions. However,
under basic conditions, polyfluorinated aryl boronic
acid derivatives suffer from instability issues that are
accelerated in compounds containing an ortho-fluo-
rine group, which result in the formation of the
corresponding protodeboronation products. There-
fore, a considerable amount of research has focused
on novel methodologies to synthesize these valuable
compounds while avoiding the protodeboronation
issue. This review summarizes the latest develop-
ments in the synthesis of fluorinated aryl boronic acid
derivatives and their applications in cross-coupling
reactions and other transformations.
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1. Introduction

Interest in fluorinated organic compounds has in-
creased in recent years as these remarkable compounds
have a vast array of important applications, including
but not limited to, material science, pharmaceutical
and agricultural chemistry, specialty chemical indus-
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tries, and catalysis. Indeed, fluorine-containing organic
molecules constitute one-third of the pharmaceuticals
on the market today.!"® To the best of our knowledge,
there are no known examples of naturally occurring
aryl fluorides; therefore, these molecules must be
accessed through chemical synthesis. The integration
of fluorine groups has several physiological advantages
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such as decreased metabolism, solubility (deliverabil-
ity), hydrophobicity and decreased negative side
effects. For example, the fluoroarene-containing mole-
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cules Vemuravenib (Figure 1, left) and Sitagliptin
(Figure 1, right) are used for the treatment of late-stage
of melanoma and diabetes, respectively."! Some fluori-
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Figure 1. Fluoroarene-containing drugs: Vemuravenib (left)
used for treatment of late-stage melanoma. Sitagliptin (right) is
used in the treatment of diabetes.["

Figure 2. Fluoroarenes in materials science I: Fluorinated 3,3’-
dimethyl-9,9’-bianthracene (left) and 9,9’-spirobifluorenes
(right) derivatives for OLEDs.!"!

Figure 3. Fluoroarenes in materials science II: perfluorinated
phenylene dendrimers for electron transport materials.™*

F F

F F

Figure 4. Fluoroarenes in materials science III: 2,6-difluori-
nated oligophenyls (top) and fluoroarene-thiophene oligomer
(bottom) for semi-conductors.?**!
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nated organic and fluorinated organometallic com-
pounds have also shown promise as antiproliferative
agents against HT29 (colon carcinoma) and MCF-7
(breast adenocarcinoma).” Fluorine-containing organic
compounds have also shown tremendous potential in
other areas of science and industry as polyfluorobi-
phenyls show significant promise for use in organic
light emitting diodes (Figure 2),'""* electron-transport
materials (Figure 3),!'" crystal engineering,'””'” metal-
organic frameworks (MOFs),"®  supramolecular
chemistry,”"’ and low-dimensional semi-conducting
materials (Figure 4).72°?"Y As such, there is a growing
demand for the development of novel synthetic
methodologies for the generation of these valuable
compounds.***!

One promising methodology that has emerged
recently for generating functionalized fluorine-contain-
ing organic compounds incorporates borylation
chemistry,**! whereupon the resulting boron group can
be transformed into a vast array of functional groups.
Methods to generate fluorinated aryl boronate esters in
catalytic process have been developed over the last 2
decades, including C—H, C—F, C—X (X=CI, Br, 1)
borylations using iridium, rhodium, cobalt, platinum,
palladium, and nickel metal catalyst systems. Unfortu-
nately, some of the resulting boron-fluorine-containing
products are prone to decomposition that limits their
applicability in organic synthesis. For example, the
employment of fluorinated aryl boronates in the
Suzuki-Miyaura cross-coupling reaction to generate
fluorinated biaryl compounds has been a significant
challenge over the past 20 years. Applications of
fluorinated aryl boronates in other cross-coupling
reactions such as Chan-Evans-Lam aminations and
etherification reactions have also been limited by
decomposition pathways. In this review we summarize
the latest developments regarding the synthesis of
fluorinated aryl boronate derivatives, discuss the
stability issue of these molecules, and highlight the
latest developments in the applications of fluorinated
aryl boronates in organic synthesis.

2. Synthesis of Fluorinated Aryl Boronates
2.1. Traditional Methods

Procedures to generate fluorinated aryl boronic acids
traditionally involved stoichiometric processes via
conversion of fluorinated aryl halides into aryl
lithium™® 2" (Scheme 1) or aryl Grignard reagents®"
(Scheme 2) followed by addition of trialkoxyborates to
yield fluorinated aryl trialkoxyborates. Subsequent
addition of HCI resulted in the formation of the
corresponding boronic acid. Unfortunately, these early
methodologies suffered from harsh reaction conditions,
low yields, and the formation of stoichiometric metal
salts which made isolation of the desired products
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Scheme 1. Synthesis of 2,6-fluorophenyl boronic acid using a

lithium reagent.>*"!
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Scheme 2. Synthesis of 3,4,5-trifluorophenyl boronic acid using
a Grignard reagent.”*”

problematic. However, borylation methods for the
synthesis of fluorinated aryl boronates have been
developed via catalytic processes that can be carried
out under much milder conditions and with improved
yields.

2.2. Catalytic C—H Borylation

2.2.1. Iridium-Catalyzed C—H Borylation of Fluo-
roarenes

The first study that showed that iridium complexes had
the ability to promote the C—H borylation of arenes
was reported by Marder et al. in 1993.%* In this report,
the first trisboryl iridium complex, [(5’-tol)Ir(Bcat),],
was prepared by reaction of excess HBcat (cat=
catecholato) with [(5’-indenyl)Ir(cod)] (cod = cis-1,5-
cyclooctadiene) in toluene (tol). The GC/MS total ion
chromatogram included in the Supporting Information
section showed the formation of small amounts of two
isomers of tolyl-Bcat as a byproduct (< 1%) arising
from borylation of the toluene solvent. However,
attempts to optimize this remarkable C—H borylation
reaction as a catalytic process were not conducted in
this study.

Ishiyama, Hartwig, and Miyaura et al. reported the
iridium-catalyzed C—H borylation of arenes using a
combination of [Ir(cod)OMe], as a precatalyst, 4,4’-di-
tert-butylbipyridine (dtbpy) as a ligand, and B,pin,
(Bpin=4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl)  as
the boron source. This catalyst system is one of the
most widely used methods currently employed for the
C—H borylation of arenes.”” Based on NMR data,
detection of proposed intermediates, kinetic data and
isotopic labelling studies Hartwig ef al. proposed a
mechanistic pathway for this iridium-catalyzed boryla-
tion reaction (Scheme 3). The trisboryl complex [Ir-
(dtbpy)(coe)(Bpin);] (coe=cyclooctene), was reported
to be the resting state in these borylation reactions.
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Scheme 3. A plausible mechanism for the iridium-catalyzed
C—H borylation of arenes.***!

This species could also be prepared in high yields from
the independent reaction of [Ir(cod)OMe], with dtbpy,
coe, and HBpin. Interestingly, attempts to generate this
trisboryl species using B,pin, gave significantly lower
yields. Once this trisboryl species is generated, the
reaction is believed to proceed via dissociation of the
labile coe ligand to give an unsaturated catalytically-
active trisboryl iridium(Ill) complex. Sakaki et al.
carried out DFT calculations which also indicated that
this type of trisboryl iridium(IIl) complex is the active
species in the catalytic process. This is followed by a
rate-limiting C—H bond cleavage of the arene to give
an hydridotrisboryl iridium(V) intermediate which is
stabilized by the electron-rich dtbpy ligand and by
strong o-donation by the boryl ligand. Reductive
elimination would proceed to give the borylated arene
product along with a hydridobisboryl iridium(III)
species. Oxidative addition of B,pin, with loss of
HBpin would then regenerate the active catalytic
species.**!

The selectivity of this iridium-catalyzed borylation
method was found to be influenced more by the steric
effects of the substituent groups on the arene ring
rather than by directing or electronic effects. Thus,
borylation occurred predominantly at less sterically-
hindered C—H bonds (Figure 5).P!

Hartwig’s borylation method was used by Smith
et al. employing fluorinated arene substrates such as
1,3-difluorobenzene using HBpin.**! As shown in
Scheme 4, the regioselectivity of the borylation follows
the order 5>4>2, due to the steric effect of the
fluorine substituents.

A subsequent study by Hartwig et al. expanded the
scope of the iridium-catalyzed C—H borylation reaction

© 2021 The Authors. Advanced Synthesis & Catalysis
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Figure 5. Regioselectivity ~ of  iridium-catalyzed =~ C-H
borylations.*!)
0,
[Ir(OMe)cod], (1.5 mol%) Bpin
dtbpy (3.0 mol%)
Bpln F
HBpin (1.0 equiv)
THF, 25 L6 p|nB
50 33 17

Scheme 4. The iridium-catalyzed C—H borylation of 1,3-
difluorobenzene.

to include disubstituted fluoroarenes bearing ancillary
substituents with various steric parameters.” As
shown in Scheme 5, this borylation method utilized

[Ir(OMe)cod], (0.25 mol%)

H Bpin
F L: + Bopiny dtbpy (0.5 mol%) I P
Y THF, 80 °C Fn Y 2
R R
Bp|n Bpin
/@BP'” F. : Bpin F. : F
CO,Me CO,Me OMe
83% 73% 68% 74%

Scheme 5. Iridium-catalyzed C—H borylation of fluoroarenes."*!

B,pin, and was effective in targeting the least steri-
cally-encumbered C—H bond. As a result, reactions
with substituted 1,3-difluoroarene derivatives gave the
corresponding borylated products in which the Bpin
groups have been incorporated at the 2-position.

In 2014, Maleczka Jr. and Smith III efal®¥
introduced a two step catalytic iridium-catalyzed C—H
borylation and palladium-catalyzed dehalogenation
process as a way of selectively generating ortho-fluoro
aryl boronates. The arene substrates originally contain
bromide as the leaving group para to the fluorine
substituent (Scheme 6). The key to this selectivity is
blocking borylation at the position meta to the fluorine
substituent due to steric repulsion from the bulkier
bromide group. A subsequent palladium-catalyzed
hydrodehalogenation of the bromide substituent in the
presence of the reducing agent polymeth-
ylhydrosiloxane (PMHS), which is activated by potas-
sium fluoride, leads to the final product. Notably, it
was also observed that electron poor arenes led to
dehalogenation at a greater rate than electron rich
arenes. It is important to note that protodeboronation
was not observed to any significant degree during the
dehalogenation step (see Section 3), except in the case
of the methylbenzoate derivative which gave the the
desired product in only 37% yield in a 2.4:1 ratio.

Recently, in 2019, Maleczka Jr. and Smith III
et al.™ reported iridium-catalyzed C—H borylation of
fluorobenzenes containing substituents. They opti-
mized the selectivity by screening various bidentate
nitrogen-based ligand in combination with [Ir(cod)
OMe], as a precataylst. Selected examples are shown
in Scheme 7, for the fluorobenzenes containing Cl, Br,
or I substituents at the meta-to-fluorine position.
Notably, they observed that the least hindered C—H

[Ir(OMe)cod],

Pd(OAc), (5 mol%)

(1 mol%), !
Ry B,pin, R4 - KF (2 equiv) Ry P
Ry : t :"F/‘ (0.55 equiv) Rz:@[‘f,‘ PMHS (4 equiv) Rp ﬁﬁ‘
— —_ >
Br H dtbpy (2 mol%) g, Bpin H,O, THF, it Bpin
THF, rt, 24-60 h 4-5h
]
CFy _ COzMe I 2Me
vF) FI : F
: (2.4/1)
Br Bpin Br Bpin ! Bpin H Bpln/H
62% 83% 1 79% 37%
I
OMe ! OMe
\ l \ : \ | \
I
I
Bpin Br Bpin | H Bpin Bpin
86% 86% : 91% 63%
NH2’ R ! -
t °F) MeO B /@F) Meom\
|
|
Bpin Br Bpin ! Bpin H Bpin
78% 95% l 69% 89%
|

Scheme 6. A two-step iridium-catalyzed borylation/palladium-
catalyzed dehalogenation "
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3 [I(OMe)cod], (1.5 mol%) Bpin

L (3 mol%) P'n52
HBpin (1-2 equiv)
THF, rt, 24-48 h

F X
1 mmol
X=Cl,Br, |

X | L (ligand)| Isomer ratio at the 2 : 3 positions (GC)

dmadpm| 11 :1 (71% isolated yield)
Cl | dtbpy 1.8:1 (99% isolated yield, solvent = hexane)
bozo 1:3.3 (65% isolated yield)
(71% isolated yield)
(82% (3:1) isolated yield)
.8 (X =Br, in THF, 41% conversion)

dmadpm| 14 : 1 (82% isolated yield)
2.8:1 (87% isolated yield)
1:2.6 (X=1,in THF, 30% conversion)

Scheme 7. Selectivities of iridium-catalyzed C—H borylation””
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borylation is favored for the hindered and electron rich
ligands, while ortho-to-fluorine C—H borylation is
favored for unhindered and weaker o-donor ligands.
Among ligands that have been screened, an electron
rich and hindered ligand such as dmadpm (Scheme 7)'
showed the highest selectivity for meta-to-fluorine
C—H borylation, and was significantly more selective
than dtbpy, which is the most common ligand for
iridium catalyzed C—H borylation. Interestingly, ortho-
to-fluorine selectivity can be achieved using a less
hindered and weaker electron donating ligand such as
bozo (bis(2-oxazolin-2-yl), even though the regioselec-
tivity was not that high.

2.2.2. Platinum-Catalyzed C—H Borylation of Fluo-
roarenes

The iridium-catalyzed C—H borylation that targets a
C—H bond ortho to a fluorine substituent requires
steric repulsion from other substituents. In 2015,
however, Iwasawa et al.®® reported a platinum com-
plex bearing a PSiN-pincer type ligand which catalyzes
the C—H borylation of fluoroarenes with B,pin, in the
presence of n-butyllithium. Interestingly, this method
is selective for the borylation of C—H bonds ortho to
the fluorine substituent in good yield without the
presence of steric protecting ancillary substituents.
Notably, under these conditions, C—H borylation did
not occur for unactivated arenes such as anisole and
toluene (Scheme 8A). Interestingly, this method repre-
sents a useful alternative to the iridium-catalyzed
systems for the borylation of C—H bonds that are ortho
to fluorine substituents without the need of sterically-
protecting substituents (Scheme 8B).1**?63*]

In the same year, Tobisu and Chatani et al. reported
a series of [Pt(NHC)(dvtms)] complexes (NHC=N-
heterocyclic carbene; dvtms = divinyltetrameth-
yldisiloxane) as catalyst precursors for the C—H

¢l Me
X I T.Me
Fn [Pt] (1.5 mol%) E : LA
@«H B, pin, "BULI (15 M0%) "\~ Bpin | CY2P RN
+ Boping——m > ! i
Z mesitylene U :@'S‘l
10 equiv 150 °C, 4 h . Me
' [Pt]
(A) R )
O R = -Me, -OMe : no borylation
2 3
® r_As F F Fead Fj:,F
[j4 Esjdf FI) F g 5
Yield 51% 86% 74% 80%
___ Regioisomers 84:13:3 74224 ___ 919 __73:19:8 __
[Ir] cat 17:56:28071  17:33:501821  33:671%81  25:45:30/36!

Scheme 8. Platinum-catalyzed C—H borylation of fluoroarenes:
(A) electron rich arene substrates; (B) fluorinated arene
substrates.
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borylation of arenes. These complexes are air stable
and easy to prepare in two steps from H,[PtCls].””
This study demonstrated that introducing NHC ligands
gave turnover numbers (TON) up to 157 in reactions
using ICy (1,3-bis(cyclohexyl)imidazolin-2-ylidene) as
the ligand. Selected examples from the scope of these
borylations revealed that introducing additional fluo-
rine substituents increased the reactivity and selectivity
in favor of generating ortho-directed borylated prod-
ucts (Scheme 9).

Selectivities observed in platinum-catalyzed C—H
reactions reported by Iwasawa®® and Tobisu and
Chatani™’ were dictated by electronic effects, where-
upon the most acidic arene C—H bonds ortho to the
fluorine groups underwent borylation. This is in
contrast with the iridium-catalyzed systems discussed
previously which are governed predominantly by steric
effects that target less sterically hindered C—H
bonds."*”!

2.2.3. Cobalt-Catalyzed C—H Borylation of Fluoro-
benzenes

In 2014, Chirik efal. reported pincer-ligated cobalt
alkyl complexes which catalyze the C—H borylation of
arenes and heteroarenes.*” Electron-rich arenes bear-
ing only one substituent such as toluene and anisole
are also viable substrates for C—H borylations but
show less regioselectivity than the electron-deficient
fluorobenzene, the only example reported employing a
fluoroarene substrate. Using the complex [("'PNP)
CoCH,SiMe;] as a catalyst precursor for arene
borylations, electron deficient substrates, including
fluorobenzene, afforded products with higher selectiv-
ities. Borylation occurred ortho to the electron-with-
drawing fluorine substituent with an ortho : meta ratio
of 89:11 (Scheme 10), whereupon the fluorine sub-
stituent was believed to have an ortho-directing effect
presumably due to the increased C—H acidity of the
hydrogen substituents in the ortho-position.*"! In 2019,
Chirik et al. reported that the ortho-to-fluorine selec-

F, e N Cy « Me,
Ay O PI@mol%) NNy BPIn N N-Si
R + B,yping———» R : [ Pt 0
F 60 -80°C F i N‘ Si

i e
5 equiv 20h ! Cy P 2
|
, Bpin Bpin
Fﬁpm F o\ @4 FooR N3 CI\@F
2
Z
F Bpin CI Bpin
F F Cl
84% 70% 61% 94% 76%
(o:m:p =73:20:7) (3:4=99:1) (2:4 =82:18) (2:3=95:4)
80 °C 60 °C 60 °C 60 °C 80 °C

Scheme 9. Platinum-catalyzed C-H

fluoroarenes.”*”

borylation of
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i : PiPr,

B,pin,, 80 °C, neat .
>98%

20 equiv 24 h iPr ;
(o'm = 89:11) 1 [(""PNP)CoCH,SiMe3]

Scheme 10. C-H borylation of arenes using Chirik’s first
generation cobalt precatalyst.[*!

tivity is due to a lower barrier for the C(sp’)—H
oxidative addition of the fluorinated arenes to the Co(I)
center compared to unactivated arenes such as toluene
or m-xylene. Computational studies showed that the
cobalt-aryl bond is strengthened with increasing
number of ortho-fluorine substituents in the relevant
intermediates of the ("PNP)Co-catalyzed C-H
borylation.?) This is in accordance with previous
studies by Jones et al. and Eisenstein and Perutz et al.
who showed a large ortho-fluorine effect on the
strength of metal-aryl bonds.!**

In 2016, Chirik et al. reported that treatment of the
precatalyst [(""PNP)CoCH,SiMe;] with B,pin,, under a
N, atmosphere afforded [(""PNP)Co(N,)Bpin] along
with N, coordination and the concomitant formation of
Me;SiCH,Bpin  (Scheme 11). Interestingly, excess
B,pin, led to C—H borylation at the 4-position of the
pyridine moiety of the catalyst to give [4-Bpin-(""PNP)
Co(N,)Bpin] as the resting state.* Using 2,6-lutidine
as a substrate, Chirik proposed that the catalytic cycle
involves a Co(I)/Co(Ill) pathway. Following N, dis-
sociation from [4-Bpin-(""PNP)Co(N,)Bpin], C(sp*)—H
oxidative addition of the arene to a cobalt(I) boryl
intermediate occurs to give a cobalt(IIl) hydrido boryl
aryl intermediate (Scheme 12, stages 1 and 2). A
subsequent B—C reductive elimination step releases the
borylated product and the cobalt(I) hydride complex
(Scheme 12, stage 3). Oxidative addition of B,pin, and
reductive elimination of HBpin closes the catalytic
cycle (Scheme 12, stages 4 and 5). At higher con-
versions, when a substantial amount of HBpin is

’Pr2 B,pin, + Ny PPrZ
C{Co CHZS|Me3 </:<\<:Co Bpin
P'Pr,

pinBCH,SiMe; P'Pr,
B,pin

HBpin

PPr,
——= X TN
érzm_f%{gcofaém
P'Pr,

Scheme 11. Borylation occurred at the 4-position of the
pyridine moiety of the cobalt catalyst that causes catalyst
deactivation,!**!
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P’Pr2
S Ny
2 s
:me / N- Co Bpin

P’Prz

.

P'Pr,
HBpin T l |

me / N-Co—Bpin Pz
| N
PPr, stage 2
turnover limiting
” .
P’sz/( stage 3
l Bpin

. \
Bopin, | pinB+ 4 N_CIO—H

stage 1

stage 5 % T
PiPr
\

| N

PP

ry N/
HBpin

stage 6

P'Pr,

R /< l \\\H

IplnB N—Co—Bpin

T A=y
PiPr,

Scheme 12. Proposed mechanism for the cobalt-catalyzed bor-
ylation of arenes with B,pin,./ "

generated, oxidative addition of HBpin to the cobalt(I)
hydride species occurs to generate the resting state [4-
Bpin-(""PNP)Co(H),Bpin] (Scheme 12, stage 6). Nota-
bly, with benzene or N-heteroarene substrates, Chirik
etal. found that C(sp’)-H oxidative addition of the
arene ligand to the cobalt(I) boryl intermediate is the
turnover-limiting step and that the process is irrever-
sible. Interestingly, in 2019, they also reported that
fluorination of the arene substrate activates the C-
(sp®)-H bonds as the barrier for the oxidative addition
is decreased and the process becomes reversible, hence
this step is unlikely to be turnover-limiting.[**

Catalyst C—H borylation occured at the 4-position
of the pyridine ligand (Scheme 11) and is disadvanta-
geous for the catalytic performance, as the metal center
becomes less electron-rich and oxidative addition is
inhibited upon borylation. This observation led to the
development of a second generation of the Chirik
cobalt precatalysts [4-Me-(""PNP)Co(H),Bpin] and [4-
Me-(""PNP)Co(0,C'Bu),] in which methyl substituents
were located at the 4-position of the pyridine ligand to
prevent ligand C—H borylation.! As shown in
Scheme 13,  the  precatalysts  [4-Me-(""PNP)
Co(H),Bpin] and [4-Me-(""PNP)Co(O,C'Bu),] are ef-
fective for the catalytic ortho-to-fluorine C—H boryla-
tion of substituted fluoroarenes using B,pin, as the
boron source and THF as the solvent (Scheme 13).
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[4-Me-(’PrPNP)Co(H)zBpin] or

F [4-Me-(P"PNP)Co(O,C'Bu),] F
N (1-5 mol%) - Bpin
Rt + Bapiny R
0.55 M in THF Z
1 equiv 50-80 °C, 24-48 h
Me OMe CF3
3 3 3
"8 F ; T
Bpin Bpin Bpin

[4-Me-(P"PNP)COC(H),Bpin] : 72% (91:9) 81% (68:32)  94% (95:5)

[4-Me-(P'PNP)CoC(O,C'Bu),] :83% (89:11)  80% (68:32)  94% (93:7)

Scheme 13. Catalytic C—H borylation of fluoroarenes using
Chirik’s second generation cobalt precatalysts.[*!!

Notably, this method is not viable for fluoroarene
substrates containing bromo or chloro substituents (not
shown).

2.2.4. Rhodium-Catalyzed C—H Borylation of Fluori-
nated Benzenes

In 2015, Braun et al."”’ developed a rhodium-catalyzed
C—H borylation of arenes to generate boron-containing
products ortho to two fluorine substituents using either
B,pin, or HBpin. For example, treatment of 1,3,5-
trifluorobenzene or 1,3-difluorobenzene with excess
B,pin, in the presence of catalytic amounts of either
[Rh(PEt;);(Bpin)] or [Rh(PEt;);H] in cyclohexane at
50°C for 24 hours generated the corresponding C—H
borylation products in good yield (Scheme 14). How-
ever, it should be noted that the C—H borylation
performance was poor for heteroarene substrates. For
example, reactions employing 2,3,5,6-tetrafluoropyri-
dine as the borylation substrate and 5 mol% [Rh-
(PEt;);H] as the catalyst precursor gave 2,3,5,6-
C;NF,Bpin in only 44% yield even after longer
reaction times (7 days).

[Rh(Bpin)(PEtoar)a] (3.5 mol%) -

[Rh(H)(PEts)s] (5 mol%) F\©/F
cyclohexane, 50 °C

24 h

F F
\©/ + Bypiny

Scheme 14. Rhodium-catalyzed C—H borylation of 1,3-
difluorobenzene.*”
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2.3. Catalytic C—F Borylation

2.3.1. Rhodium-Catalyzed C—F Borylation of Fluo-
roarenes

Conversion of partially fluorinated arene compounds
via C—F bond borylation is another option to generate
fluoride-containing aryl boronate esters. In 2007,
Marder and Perutz et al. reported the stoichiometric
C—F borylation of fluoropyridines promoted by [Rh-
(PMe;)5(SiPh;)].1**) Inspired by these stoichiometric
processes, Braun et al. demonstrated that Rh(I) com-
plexes could be used for the catalytic C—F borylation
of  fluoroarenes,”””  pentafluoropyridine,””  and
hexafluoropropene.®™ The authors showed that adding
3.5 mol% of [Rh(PEt;),(Bpin)] into a mixture that
contained 1,2,3,4,5-pentafluoro-6-(trifluoromethyl)
benzene and B,pin, in benzene at 55 °C for 2 days gave
the C—F borylation product 4-Bpin-C(F,(CF;) in a
yield of 57% (based on B,pin,) (Scheme 15A).1")
Under similar conditions, using 5 mol% [Rh-
(PEt;);(Bpin)] in cyclohexane, catalytic C—F borylation
of pentafluoropyridine occurred at the 2-position to
give C;NF,Bpin as the main product (86%) (Sche-
me 15B). Interestingly, when other fluoroarene sub-
strates such as 1,3,5-trifluorobenzene or 1,3-difluoro-
benzene were employed, the authors observed that
C—H borylation occurred instead of C—F borylation.

In 2015, Zhang ef al. reported that the commer-
cially available complex [Rh(cod),]BF, could be used
as a precatalyst for the ortho-selective C—F borylation
of 2-(fluorophenyl)pyridines with B,pin,. The reaction
was conducted in the presence of potassium acetate as
a base in toluene at 80°C."" Notably, ortho-selective
C—F borylation was directed by the N-heterocylic
substituent. As shown in Scheme 16, C—F borylation
only occurred ortho to the pyridyl group in good to
excellent yields. However, if the substrate has a
hydrogen substituent ortho to the pyridyl group, such
as 2-(2,3,4,5-tetrafluorophenyl)pyridine, C—H and C—F
borylation both occurred, with products generated in
45% and 25% yields, respectively (Scheme 16). Pre-
liminary mechanistic studies suggest that the toluene
solvent acts as a hydrogen source for the formation of

(A)  CF, CF;
F F [Rh(Bpin)(PEt;)s] (3.5 mol%) F: F
+ Bopiny
F F CeDg, 55 °C F F
F 48 h Bpin
1.67 equiv 57%
(B) )
FO N F [Rh(H)(PEt3)3] (5 mol%) F< N Bpin F._N_F
| P + Bypin, . | - + | _
F F cyclohexane, 50°C  F F F F
F 24 h r Bpin
1.67 equiv 86% 3%

Scheme 15. Rhodium-catalyzed C—F borylation of perfluoroto-
luene and perfluoropyridine *”
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Hetl [Rh(cod),]BF, (5 mol%) Getl
+ Bypin g . N
P CAc2oequy) . Fne

toluene, 80 °C, 12 h Eipin

/(“:Cinj@\/inj

86% 25% (120 °C 14 h)

F ™ L | \¢(k
N
F Bpin Sl
F 88% 85% (dioxane)

(dioxane, 40 °C)

Scheme 16. Rhodium-catalyzed ortho-selective C—F borylation
of polyfluoroarenes.”"

the rhodium hydride complex [Rh™L,(H)(Bpin)]BF, as
a key intermediate to initiate the catalytic process
(Scheme 17).

2.3.2. Nickel-Catalyzed C—F Borylation of Fluoroar-
enes

Several studies have been reported regarding the
development of nickel-mediated C—F activation of
arenes in stoichiometric processes.!'**>**! However,
effective catalytic borylations of these substrates using
nickel catalysts were reported only recently by Martin
et al. (Scheme 18).5°% In this initial study, a combina-
tion of [Ni(cod),] and PCy; (tricyclohexylphosphine)
as a precatalyst system was effective to promote the

pinB-Bpin

[Rh'L,JBF, L—» [Rh"L,(Bpin),]BF4

pinB\
AN 5
O/and/or ©ABW

[Rh"'L(H)(Bpin)|BF4

toluene

Scheme 17. Generation of [Rh"L,(H)(Bpin)|BF, as a key
intermediate in the catalytic process.5"

[Ni(cod),] (5 mol%) Q/jL
©/F PCy; (20 mol%) N B‘o
R + Boneopy —mM8M8 > R_:(j/
Z NaOPh (3 equiv) =

THF, 110°C, 12 h

Scheme 18. Nickel-catalyzed C—F borylation of aryl fluorides
with B,neop,.”"!
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C—F borylation of fluorinated aryls with B,neop,
(neop =neopentyl glycolato) to give products in up to
81% yield. However, employing B,pin,, instead of
B,neop,, resulted in no borylation products. Soon after,
Niwa and Hosoya efal used B,pin, as the boron
source and employed nickel and copper cocatalyst
systems to borylate the C—F bond of fluoroarenes in up
to 99% yield (Scheme 19).°” However, they did not
examine polyfluorinated substrates. As a result, this
reaction furnished non-fluorinated aryl boronate esters.

In 2016, Radius and Marder et al. employed an
NHC-nickel complex as a precatalyst for the C—F
borylation of partially fluorinated arenes using B,pin,.
Optimal conversions were achieved using [Ni(IMes),]
(IMes = 1,3-dimesitylimidazolin-2-ylidene) in the pres-
ence of tetramethylammonium fluoride (NMe,F) in
methylcyclopentane at 80-100°C (Scheme 20).°*1 A
mechanistic pathway was proposed based on exper-
imental studies (Scheme 21), whereupon the initial
reaction of [Ni(IMes),] with fluoroarene proceeds via
oxidative addition of the C—F bond to give trans-
[Ni(IMes),(Arg)F]. Then, the presence of NMe,F (or
CsF) led to a fluoride adduct with B,pin, which
promoted boryl transfer to the Ni(Il) complex to give
trans-[Ni(IMes),(Arp)(Bpin)] along with [F,Bpin]".
Finally, rapid reductive elimination occurred to provide
Arp-Bpin and regenerate [Ni(IMes),].

Noteworthy is that these nickel-catalyzed C—F
borylations require high temperatures to facilitate the
rate-determining transmetalation step, although C—F
oxidative addition to [Ni(IMes),] proved facile at room

[Ni(cod),] (10 mol%)
PCy; (50 mol%) 0
X F ' Cul (20 mol%) N B-g
R— + Boping —————— > R—
2 2 ) |
Z CsF (3 equiv) Pz

toluene, 80 °C, 24 h

Scheme 19. Nickel/copper-catalyzed defluoroborylation of fluo-
roarenes with B,pin,.*”

~F INi(IMes),] (10 mol%) . Bpin
F”_© + Bapin, NMe,F Fn{;r
n

methylcyclopentane
80 °C, 15 h
F. t Bpin \©Bpm t _Bpin F\©, Bpin
79% 93% 7% 9%
/©/BPIH Bpin F\©/Bpln ©Bpm
48% 50% 20%

O%

Scheme 20. Thermal-catalytic C—F borylation of fluoroarenes
using a Ni precatalyst.[®
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Arg-Bpin NiL, Arg-F
0
i L 0 Are—Ni-F
Arg—Ni—Bpin Ni |
L +L A" TBpin L
\—% M*[B,pin,FT
M[F;Bpin] T
Bapiny

CsF or NMeyF

Scheme 21. Proposed mechanism for the thermal-catalytic C—F
borylation of fluoroarenes using an NHC—Ni catalyst.["

temperature. It is interesting to note that a rhodium
biphenyl complex could be used as a triplet sensitizer
to enhance the transmetalation with B,pin, to the
nickel(I) complex. The reaction was conducted in the
presence of visible light (400 nm) using CsF as a base,
and proved effective for the C—F borylation of
polyfluoroarenes at room temperature (Scheme 22).5"!
In the absence of the rhodium complex, the intermedi-
ate complex trans-[Ni(IMes),(Arp)F] decomposed
quickly under irradiation in the presence of B,pin,.
Interestingly, this decomposition pathway could be

[Ni(IMes),] (10 mol%)
[Rh] (5 mol%)

N F
Pl BT

mesitylene, LED-400 nm

RT,6-15 h
| 1
F . E ! MeOOC !
1
F Bpin Bpin | !
| I
1 1
F : i
0, 1
95% 62% MesP \ i
1 1
| Meooc@ O.
F F ! - - 1
ol R 1
St e
! o] 1
Bpin : /K/l\ :
1
67% 4% PMe; i
- [Rh] |
L 1
F Bpin Bpin Bpin

©/Bpin

F F
88% 40%

Scheme 22. Photocatalytic C—F
using a dual Ni/Rh catalyst.>”

borylation of fluoroarenes
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circumvented by indirect excitation of the triplet states
of the nickel(II) complex via the photoexcited rhodium
biphenyl complex. Triplet energy transfer (TET)
accelerated the transmetalation step and thus the whole
borylation process. The proposed mechanism sug-
gested that the long-lived triplet excited state of the
rhodium complex functions as the photosensitizer that
provides facile TET to trans-[Ni(IMes),(Ary)F], facili-
tating dissociation of one of the NHC ligands
(Scheme 23). The resulting 3-coordinate nickel com-
plex reacts with B,pin, or its anionic adduct Cs-
[FB,pin,], to give [Ni(IMes)(Arg)(Bpin)] which was
proposed to be followed by rapid reductive elimination
releasing the borylated arene products and [Ni(IMes)].

Thermal®® and photocatalytic™ C—F borylation
procedures have subsequently been developed that are
selective and efficient in generating fluorinated aryl
pinacol boronate products. However, those C—F bor-
ylation methods were not able to generate C,F;Bpin
from C.F, in any appreciable yields.”” As these
methods require the use of a strong base, protodeboro-
nation may be responsible for the low yields.

2.4, Catalytic C—X Borylation (X=CIl, Br, I, OTY)

The transition metal-catalyzed C—X (X=Cl, Br, I,
OTY) borylation reaction provides another option for
introducing boronate ester groups selectively into
fluorinated aryl halides or triflates."*’" Masuda e al.
reported that [Pd(dppf)Cl,] (dppf=1,1"-bis
(diphenylphosphino)ferrocene) acts as an active cata-
lyst precursor for the C—X borylation of aryl halides
and triflates with B,pin, in the presence of excess of
Et;N.l Masuda’s methodology was attempted by
Cammidge et al. for the borylation of aryl triflates in

1[Rh]*
ISC ,*
¥ hv
3R] (LED 400 nm)
Are-F Al
N~ L-Ni—L TET '[Rh]
[NiLo] F
L‘// 3|_ /I\rF
INiL] L=Ni-L
F
Arg-Bpin : Are
L-Ni Arg
A /
Bpin L-Ni L
N
?ﬁ F
FBpin Byping

(or CslF2Beinl) (¢ Gs[FB,pin,])

Scheme 23. Proposed mechanism for the photocatalytic C—F
borylation of fluoroarenes using [Rh]/[Ni(IMes),] via triplet
energy transfer (TET).””
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which the C—OTf bond was ortho to a C—F and a
C—CH; bond; however, no reaction was observed
under these conditions (Scheme 24). To generate the
desired boronate ester, Cammidge et al. resorted to
using an ortho lithiation method, demonstrating the
challenges associated with some transition metal-
catalyzed C—OTf borylation reactions.*”’

Several examples of transition metal-catalyzed
C—X borylation reactions generating products with the
C—B moiety located ortho, meta, and para to the
fluorine substituents have been reported.”***"*! For
example, in 2014, Pucheault ef al. reported a palla-
dium-catalyzed C—CI borylation in the synthesis of
aryl boronate ester derivatives using aryl(amino)
boranes in good to excellent yields (Scheme 25).
However, attempts to generate di ortho-fluorinated aryl
boronates were not examined. !

Earlier attempts to use transition metal-catalyzed
C—X (X=Cl, Br, I) borylations to generate aryl-Bpin
products containing two ortho-fluorine substituents all
proved unsuccessful. For example, in 2012, Molander
et al. reported the borylation of aryl-X (X=Br, Cl, I,
OTf) with B,(OH), using the second generation
Buchwald precatalyst XPhosPd—G2 (Scheme 26),
followed by the conversion of the borylated aryl
boronic acid products into potassium trifluoroborate

analogues. This method is effective to generate
F
Pd(OAC),, dppf,
F]C[OTf HCOOH, Et;N
HysC7 CH; DMF 60°C ¢/ CH,
PdCl;(dppf) 0 ”‘_E:lF-i’ %OogHs)s
Et3N, szin2 Y =
dioxane, 80 °C 2) 2N HCI, rt
F
F i F B(OH),
F Bpin pinacol Ij
toluene, reflux  H45C7 CH;
H15C7 CH;

Scheme 24. Transition metal-catalyzed C—OTf borylation vs.
lithiation to synthesize ortho-fluorinated aryl boronates.!”

1) Pd(OAc), (2 mol%),
XPhos (6 mol%)

O PCy,

I
|
R, KI, Et;N, in EtOAc  F, CPr Pr
wanT S €l s0°c,16h @/Bp'”l ®
. - o —_— > 1 i
Pr Z i 7 Pr
2) MeOH, pinacol/Et,0 : XPhos
F
/©/Bpin F Bpin Fj@ Bpin /@Bpin
F \Q F F
99% 59% 99% 62%

Scheme 25. Palladium-catalyzed C—Cl borylation to construct
fluorinated aryl boronate esters.®!
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borylated products in good to excellent yields; how-
ever, notably, the reaction failed for aryl-X substrates,
in which the C—X bond is flanked by two C—F bonds,
e.g., 2-bromo-1,3-difluorobenzene and 1-chloro-
2,3.4,5,6-pentafluorobenzene  (Scheme 26).””  These
reactions were typically conducted in the presence of
stoichiometric amounts of base, but the resulting
products are unstable under these conditions resulting
in considerable amounts of protodeboronated fluoroar-
ene species.

Very recently, Radius and Marder ef al. reported the
palladium catalyzed C—Cl borylation of fluorinated
aryl chlorides containing two ortho-fluorine substitu-
ents using a combination [Pd(dba),] (dba=dibenzyli-
deneacetone) with SPhos (2-dicyclohexylphosphino-
2',6'-dimethoxybiphenyl) as the precatalyst, and B,pin,
as the boron source.”!’ Notably, this reaction was
conducted under base-free conditions thus preventing
the base-sensitive borylated product, di-ortho-fluori-
nated aryl-Bpin, from decomposing. As shown in
Scheme 27, these conditions are effective to catalyze
C—Cl borylation of aryl chlorides containing two, one,

XPhosPd-G2
(0.5 mol%)
X XPhos (1 mol%) B(OH), BFaK
@ B,(OH),4 (3 equiv) = I 45MaqKHF, # ]
7 KOAc (3equiv) | /° 2
X=ClorBr EtOH(0.1M) ’
80°C,1.5-55h
————————— 1
! 1
' ! BF3K F BF 3K
: NH, | O : ©:’BF3KF
: Pd-Cl : F
IO |
| Xph°s' 98% (X = Cl) 77% (X=Cl) 0% (X=Br) 0% (X=0l)
' XPhosPd- GZ' 95% (X = Br)

Scheme 26. C—X borylation to construct fluorinated aryl-
boronates using the precatalyst XphosPd—G2.["

iES Pd(dba), (7.5 mol%) )
Foor— SPhos (15 mol%) Fn
T e+ Bopiny R \ Bpin
= toluene (1 mL)
'F 105 °c 18h LF)
0.4 mmol 0.6 mmol
P
Bpin Q—Bpm QBpm Qgpm
'E F F 'E
92% 99% 92% 82%
(T:> (F\ ”:\
QBPH’I GBPIH @Bpm @,Bpm
F

83% 7% 79% 80%

Scheme 27. Base-free palladium-catalyzed C—Cl borylation of
fluorinated aryl chlorides."”"!
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or no ortho-fluorine substituents giving good to
excellent yields.

3. Protodeboronation of Fluorinated Aryl
Boronates

Before going into detail about the catalytic applications
of fluorinated aryl boronates, it is important to discuss
the stability issue associated with these compounds.
One major problem involves the protodeboronation of
fluorinated aryl boronic acids, which is accelerated in
compounds containing ortho-fluorine substituents. As
mentioned above, protodeboronation involves proto-
nolysis of the boron group to give a new aryl C—H
bond (Scheme 28). The influence of ortho-fluorine
substituents on the protodeboronation of aryl boronic
acids was initially reported by Kuivila ef al. in 1963,
who studied the rate of protodeboronation of fluori-
nated aryl boronates at pH 6.5 at 90 °C in aqueous
malonate buffer (Table 1). It was concluded that: (i)
in the case of mono fluoride substrates the rates of

oH H,0 OH
B, ——————> R-H+ 3
R”™""OH or other H* source HO” "“OH

Scheme 28. A general protodeboronation reaction.

Table 1. Effect of fluorine substituents on the relative rates of
protodeboronation of aryl boronic acids.”*™

"B(OH); B(OH); B(OH);  B(OH); B(OH); “B(O)
@ SUACRAORA !
F F
F F
Kre 1.0 1.4 0.3 1 Kuivila, 1963
Krer 1.0 14 0.98 243 616 1548 Lloyd-Jones, 2017
MeCN or DCM

no reaction  (A)

MeOH

20-30 °C, 15 min, i
conversion 5%

H
F
H
F F F F
F 33% H,0-MeOH ©)
2 h, conversion 100% F F
F
H
F

(B)

33% H,0-MeOH + KOH E
10-15 min, conversion 100%

©)
F

Scheme 29. Protodeboronation of CiF;B(OH),: (A) in
acetonitrile or dichloromethane; (B) in methanol; (C) in 33%
H,0-methanol; (D) in 33% H,0-methanol +KOH.™!
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protodeboronation decreased in the order of ortho >
para > meta; (ii) for difluoro-substituted aryl boronic
acids, protodeboronation rates were faster for ortho-
meta-substituted substrates as opposed to those in the
ortho-para-positions; and (iii) that C;F;B(OH),, which
involved all ortho-, meta-, and para-fluorine positions,
had the highest rates of protodeboronation.

In 2002, Frohn and Adonin et al. also reported the
protodeboronation of fluorinated aryl boronic acids.”””!
In this study, they found that C,FsB(OH), was stable in
MeCN and dichloromethane, but was less stable in
methanol at 20-30°C with about 5% conversion to the
decomposition product per 15 minutes (Scheme 29).
Moreover, the protodeboronation rate of C¢Fs;B(OH),
was faster in a 33% H,0-MeOH solvent mixture and
the process was complete within 2 hours to give
C¢FsH. The addition of KOH increased the rate of
protodeboronation so that the reaction was complete
within 10—15 minutes.

Protodeboronation of C(FsB(OH), was immediate
and occurred exothermically in a mixture of D,0O-
pyridine at room temperature within 3-5 minutes
(Table 2, entry 1). Not surprisingly, when the aryl
boronic acid contained only one ortho-fluorine group,
protodeboronation occurred considerably more slowly
than with substrates containing two ortho-fluorine
groups (Table 2, entries 2, 4 and entries 8, 9). Notably,
with no ortho-fluorine substituent, protodeboronation
did not occur for electron deficient compounds such as
3,4,5-C;F;H,B(OH), even after 180 minutes at high
temperatures (Table 2, entry 7).

Lloyd-Jones et al.”*® studied the mechanism, sup-
ported by experimental and computational evidence,
for the protodeboronation of aryl boronic acid contain-
ing ortho-fluorine substituents. They disclosed that
protodeboronation occurs via a C—B heterolysis of a
trihydroxy organoboronate intermediate ([M]*[ArB
(OH);] "), which notably does not require water in this
step. This is followed by a proton transfer from water

Table 2. Total conversion of polyfluorophenyl-B(OH), into
deuteropolyfluorobenzenes (ArD) in 9% D,O-pyridine (v/v).[™

Entry Compound T Time of conversion
(°C)  (min)

1 C¢FsB(OH), 25 <3-5

2 2,3,4,5-CF,HB(OH), 100 50

3 2,3,4,6-C(F,HB(OH), 32 210

4 2,3,4,6-CF,HB(OH), 100 15

5 2,3,5,6-C(F,HB(OH), 32 60

6 2,4,6-C¢,F;H,B(OH), 100 90

7 3,4,5-C¢F;H,B(OH), 100 180, no reaction

8 2,4-C4F,H;B(OH), 100 1140 (19 hours)™

9 2,6-C¢F,H;B(OH), 100 150

(8] Conversion 82%.
I Conversion 53%.
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to generate the hydrolyzed product (Scheme 30A).
Protodeboronation of 2,6-difluorophenyl boronic acid
is rapid due to the ortho-fluorine substituents stabiliz-
ing an ipso-aryl carbanion with delocalization of the
negative charge (n—6*¢» c3) and n—6%4. ) into
the C(2)-F and C(6)-F bonds and, hence, the
accompanying rehybridization increases the s-character
at the carbanion (C1) (Figure 6). Furthermore, their
kinetic studies showed that unimolecular heterolysis of
the aryl boronate ester to give boric acid is the rate-
limiting step (Scheme 30A). However, unlike di-ortho-
fluoro substituted aryl boronic acids, the rate limiting
step of protodeboronation in electron-rich aryl boronic
acids was observed to be proton transfer from a
molecule of water followed by cleavage of the C—B
bond to generate boric acid (Scheme 30B). Twenty
isomers of CiF; H,B(OH), were studied with half-
lives (t;,) that measured spanning 9 orders of
magnitude, from < 3 miliseconds to 6.5 months, show-
ing that ortho-fluorinated aryl boronic acids acceler-
ated protodeboronation, with C.F;B(OH), displaying
the fastest rate.

Interestingly, Perrin etal reported that many
typical electron-deficient aryl boronic acids, including
fluorinated derivatives, are stable in acidic solutions of
0.1M HCL" Under aqueous basic conditions
(200 mM hydroxide), aryl boronic acids that contain
di-ortho-substituted electron withdrawing groups such
as fluoride, chloride, bromide, and trifluoromethyl

# OH
HO-B!
HO. _.OH Ho OH “oH
dB’OH
e
o F oH E . E F HO F F
—_— —_— —
(B)
HO_ _OH HO_ OH HO_ OH OH,
B oB-OH HO-B. _i A
© OH H>0 . ©
OMe . OMe OMe

Scheme 30. Mechanism of the base-catalyzed protodeborona-
tion of (A) 2,6-difluorinated aryl boronic acid vs. (B) 4-anisyl
boronic acid.*”

sp197 sp' 88
H A H F A F
2 °
o & & o
3 5 sTeve 2% 4 5
J 9

Figure 6. NLMO analyses of non-fluorinated and 2,6-difluori-
nated aryl anions which will be generated by C—B heterolysis
of their corresponding trihydroxy aryl boronates. Adapted with
permission.”® Copyright 2017, American Chemical Society.
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groups, are unstable towards
(Scheme 31).

Carrow ef al. studied the influence of triethylamine
and/or water with respect to the stability of C,F;Bpin
and C,F;B(OH), towards protodeboronation.” Nota-
bly, triethylamine was used as received and contains
trace amounts of water. In this study, they measured
the yield of C,FsH that was generated from the
protodeboronation of C¢F;B(OH), and C¢FsBpin sol-
utions in THF-triethylamine and treated with various
numbers of equivalents of water. As shown in Chart 1,
in the presence of triethylamine (0.5 equivalent),
C4F;sBpin is much more stable than C,FsB(OH),. Thus,
it can be concluded that C¢F;Bpin is more stable than

its boronic acid analogue in anhydrous basic solution.

protodeboronation

100% 93% 9;;/;{, 01% 92% 93%
90% /" SW w_
80% CsFsB(OH)2 74% CeFsBpin
(0.5 NEts) o 1% 2% = (0.5 NEts
70% == +1.2 H,0)
60% \
- CeFsBpin
©50% (0.5 NEts +0.74 H20)
g
40% CeFsBpin
(0.5 NEts)
30%
20% 14% 15% 16% 7%

0 2 4 6 8 10 12
Time/min

Chart 1. Yield of C F H that resulted from protodeboronation
. : - hectros (7s)
of C,F.B(OH), or C F Bpin determined by '’F NMR spectroscopy.

Adonin et al. investigated the protodeboronation of
potassium polyfluoroaryltrifluoroborate salts (Arg-
BF,K)."" Unlike C4F;B(OH),, which is prone towards
protodeboronation at 20-30°C (ca. 5% conversion
within 15 minutes), C¢F;BF;K was stable over
30 hours upon treatment with methanol or aqueous
methanol at 20-25°C (Scheme 32A). However, this
salt slowly protodeboronated at elevated temperatures
such as 50-55°C (17% and 62% after 4 and 11 hours,
respectively) or 90-95°C (conversion was complete
after 4 hours) (Scheme 32A). Interestingly, protode-
boronation could be reduced by addition of base, such
as Et;N or K,CO; (Scheme 32B). It should be noted
that protodeboronation did not occur when C,FsBF;K
was treated with K,CO; in methanol or in weakly basic

(EWG) (EWG)
Ny BOH:2  "OH/H,0 ot
— _— oL
R | g S
(EWG/ (EWG)

EWG: F, Cl, Br, CF;

Scheme 31. Base-promoted protodeboronation of electron-poor
2,6-disubstituted aryl boronic acids./”"
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H
MeOH or MeOH-H,0 F F W
20-25 °C, 30 h, conversion 0% F F
50-55 °C, 4 h, conversion 17% F
50-55 °C, 11 h, conversion 62%
90-95 °C, 4 h, conversion 100%
BF4K H
F F Et;N, MeOH F F
> (B)
E E 50-55 °C, 11 h, conversion 0% F F
F 90-95 °C, 4 h, conversion 27% F
K>CO3 in MeOH, 90-95 °C, 2 h

no reaction (C)

or MeCN, 90-95 °C, 6 h

Scheme 32. Protodeboronation of C4FsBF;K in methanol: (A)
without base; (B) with Et;N; and (C) with K,CO, or MeCN.I’®

solvents such as MeCN (Scheme 32C). In addition,
opposite results were found under acidic conditions.
Frohn et al. had previously reported that C.F;BF;K
was readily protodeboronated within 6 hours in 40%
HF,, at elevated temperatures (85-95 °C)."””

In summary, under aqueous basic conditions ortho-
fluorine groups are known to promote the protodeboro-
nation of aryl boronates (except for trifluoroborate
salts). Furthermore, C;F;B(OH),, which contains fluo-
rine substituents at all positions, is remarkably unstable
with respect to this decomposition pathway and
remains a challenging substrate for use in organic
synthesis.

4. Applications of Fluorinated Aryl
Boronates in Organic Synthesis

4.1. Intermediates for the Introduction of Func-
tional Groups

4.1.1. Conversion of Fluorinated Aryl Boronate
Esters to Boronic Acids or Trifluoroborate Salts

The reactivity of organoboron compounds is dictated
by the substituents bound to the boron atom and,
hence, the resulting Lewis acidity of the compound.
For example, aryl pinacol boronate esters are less
reactive than aryl boronic acids or trifluoroborate
analogues as substrates for the copper-catalyzed C—N
cross-coupling of aryl amines'’®*” or C—O coupling
with phenols.”” The conversion of aryl pinacol
boronate esters to their boronic acid analogues has
been reported via oxidative hydrolysis”*" or trans-
esterification with excess polystyrene boronic acid®!
or methyl boronic acid.® In general, these methods
are conducted under acidic conditions in the presence
of trifluoroacetic acid (TFA) or HCI (Scheme 33).
However, these methodologies have not yet been
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NalOy4 (3 equiv)

B(OH
HCI (1N, 0.7 equiv) all > ( )2(A)
THF/H,O (4:1), 1t N
- BPin | polystyrene-B(OH); (5-9 equiv) A BOH):
1 )
R—-()/ 2% TFAMeCN, reflux, 18h . " 0 (B)
or MeCN/1 M HCI (9:1), rt, 18 h
up to 99% yields
MeB(OH), (2-10 equiv)

5% TFA/DCM, rt
or 0.1 N HCl/acetone (1:1), rt

(j/ B(OH),
R ©
=

up to 99% yields

Scheme 33. Conversion of aryl pinacol boronates to their
boronic acid analogues via oxidative hydrolysis (A) or trans-
esterification with polystyrene boronic acid (B) or methyl
boronic acid (C).["*

examined for aryl boronate ester substrates containing
ortho-fluorine substituents.

Organotrifluoroborates are reportedly more stable
to air and moisture than their boronic acid or ester
counterparts.™ ! The conversion of aryl boronate
esters to the corresponding trifluoroborate analogues is
readily accomplished with the addition of potassium
hydrogen difluoride (KHF,).*"*"! As shown in
Scheme 34, the method is viable for the conversion of
aryl pinacol boronates containing two ortho-fluorines
in high yields.

4.1.2. Conversion of Fluorinated Aryl Boronate
Esters to Aryl Halides

Aryl halides are among the most important intermedi-
ates in organic synthesis. Reliable methods to convert
aryl boronate esters to aryl chlorides or bromides via
addition of stoichiometric amounts of CuCl, or CuBr,
(Scheme 35A and B) have been reported.™ However,
addition of Cul to aryl boronate esters under these
conditions did not afford the corresponding aryl
iodides. Subsequent research found that a reliable
method to generate these aryl iodides is the addition of
stoichiometric amounts of potassium iodide (KI) as the
source of iodide along with a combination of 10 mol%
Cul and 20mol% of phenanthroline at 80°C
(Scheme 35C)."*" Hartwig, et al. were able to carry out
a tandem iridium-catalyzed borylation/copper-cata-
lyzed iodination of aryl pinacol boronates with sub-

RN PN

iC COyMe KHF, 'FE CO,Me
—_—
pinBtQ/\/\N(HBOC MeOH/HZO KFaBmHBOC
F (10:8) B \
05h 88%

Scheme 34. Conversion of a 2,6-fluorinated aryl pinacol boro-
nate to its trifluoroborate analogue.®”!
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Ra_cl
CuCl, (3 equiv) I\\ @
MeOH/H,0 (1:1) Z
90 °C, 4-6 h
R )
@/ Bpin CuBr, (3.5 equiv) R\\ Br
> B
7 MeOH/H,0 (1:1) ) ®
80°C, 46 h
Cul (10 mol%)
Phen (20 mol%), Kl (1.5 equiv) A !
(©)
MeOH/H,O (4:1) =z
80 °C, air, 1h
Scheme 35. Conversion of aryl pinacol esters to aryl

halides. 8%

strates involving only one ortho-fluorine substituent
(Scheme 36).!

4.1.3. Conversion of Fluorinated Aryl Boronate
Esters to Phenols

Phenols are important building blocks in organic
synthesis, having diverse applications in areas such as
polymer and pharmaceutical chemistry.”” A reliable
method to generate aryl hydroxyl compounds is via
oxidation of aryl boronate esters using aqueous oxone.
Indeed, Maleczka Jr. and Smith III ef al. combined the
oxidation of aryl pinacol boronate esters as a second
step after an initial iridium-catalyzed borylation.
Notably, this method is efficient for the generation of
phenols in which the C—OH bond is flanked by two
C—F bonds (Scheme 37).°1

i) [Ir(cod)OMe],

(1 mol%).

dtbpy (2 mol%),
{(F) Bapiny (0.75 equiv)

MeOIj MeO (E
_—
NG y THF,80°C,24h NCI:(

Bpin
ii) remove volatiles
in vacuo

Cul (10 mol%)
phen (20 mol%)

KI (1.5 equiv) MeO]@E{E'
—

MeOH/H,0 (4:1) NC |

80 °C, air 56%

Scheme 36. One pot C—H borylation and iodination of an
ortho-fluorinated aryl pinacol boronate ester.™”!

i) [Ir(cod)(77°-CgHy)]

(3 mol%), . N
F dmpe (3 mol%) : e | aqueous oxone ks
/@\ HBpin (5 equiv) pinB Bpin (2.8 equiv) HO]@[OH
—_—
_— . s - -
F F cyclohexane ‘F £ acstone.t % i
150 °C, 63 h Bpin OH

51%
i) remove volatiles

in vacuo

Scheme 37. Iridium-catalyzed borylation/oxidation of fluori-
nated arenes.”"
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4.1.4. Conversion of Fluorinated Aryl Boronate
Esters to Corresponding Carboxylic Acids

Carbon dioxide is an important feedstock in the
chemical industry and is used in the construction of
medicinal, agricultural, and specialty chemicals.”” In
2008, Hou et al. reported the carboxylation of aryl-
Bneop derivatives, using an NHC-copper complex as
the catalyst.” Thus, [(IPr)CuCl] (IPr=1,3-bis(2,6-
diisopropylphenyl)-imidazolin-2-ylidene) is efficient to
catalyze the carboxylation of aryl-Bneop, in the
presence of CO, (balloon), KOz-Bu as the base, in
THF solution, under reflux for 24 hours, followed by
addition of 1 M hydrochloric acid solution. Appreci-
able yields can also be obtained using a catalyst system
formed in situ from a combination of Cu(I) or Cu(Il)
salts such as CuCl, CuBr, CuCl, or Cu(OAc), with
protonated NHC ligands such as IPr-HCI or IMes-HCI.
As shown in Scheme 38, these conditions are efficient
for aryl-Bneop derivatives bearing electron-withdraw-
ing substituents such as fluorine, chlorine, bromine,
iodine, and CF; at the para-position to generate the
corresponding carboxylation products in good to
excellent yields. However, challenging ortho-fluori-
nated aryl-Bneop substrates were not examined.

In 2010, Lin, Marder, et al. reported DFT calcu-
lations on the mechanism of the above reaction using
[(NHC)Cu(OMe)] as a model complex and phenyl-
Bneop as the substrate.”*! They proposed that the
catalytic carboxylation occurs via three major steps
(Scheme 39): (i) base-assisted transmetallation of
phenyl-Bneop with [(NHC)CuCl] to give [(NHC)
CuPh]; (ii) rate determining insertion of CO, into the
Cu—Ph bond to give [(NHC)Cu-OC(O)Ph]; and, finally
(ii1) this intermediate reacts with the alkoxy adduct of
phenyl-Bneop to release the benzoate product and
regenerate the catalyst.

The carboxylation of fluorinated aryl-Bneop deriv-
atives was also reported by Nolan ef al. in 2014 using
an NHC-nickel complex as the catalyst.” Among the
nickel complexes examined for this reaction, [Ni-

[(IPP)CUCI] (1 mol%)

CO; (1atm) _ HClza. (j/COzH
KOt-Bu (1.05 equiv) A

N Bneop
<y
THF, reflux, 24 h

\/@/COZH OCOZH /©/002H
U7 Cl Br

89% 92% 99%

CO,H CO,H
i C FasC” C

85% 92%

Scheme 38. Scope of the copper-catalyzed carboxylation of
electron-deficient aryl-Bneop compounds.”
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L) | O

L= 1 i

W g

Lo M OMe
)

le) H* (o] al
-
HO™ “Ph o0

O\
0 >< B-OMe
_O O’

L-Cu-0_ o
co,

Scheme 39. Proposed mechanism of the copper-catalyzed car-
boxylation of phenyl-Bneop.”¥

(IPr*)(allyl)C1] and [Ni(IPr*°™¢)(allyl)Cl] were found
to give carboxylation products in near quantitative
yields (Scheme 40). It should be noted that the reaction
can be conducted using a catalyst system formed
in situ from [Ni(cod),] and IPr*. Reactions are viable
for aryl-Bneop derivatives bearing electron-rich or
electron-poor substituents to give the corresponding
carboxylation products in good to excellent yields
(Scheme 41). However, this method was not effective
for aryl-Bneop derivatives bearing sterically bulky
substituents at the ortho-position. Interestingly, no
reaction was observed using other aryl boron reagents
such as boronic acids, pinacolates, or potassium
trifluoroborates. It was suggested that the addition of a
strong base, such as KO#-Bu, accelerated the trans-

/©/ Bneop
MeO

Yield is near quantitative if Ni precatalyst = [Ni(IPr*)(allyl)Cl], or
[Ni(IPrOMe)aliyl)CI], or
[Ni(cod),] / IPr*

o N

(IPr*)

[Ni(NHC)(ally)CI] (5 mol%)

CO,(1atm) HCI aq_/©/C02H
MeO

KO#-Bu (1.2 equiv)
toluene, 100 °C, 15 h

quantitative

(|PF*OM6

Scheme 40. Optimized  conditions  for

carboxylations."”!

nickel-catalyzed
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[Ni(IPr*)(ally)CI] (5 mol%) R
R\\ Bneop CO; (1 atm) HCl aq. |\\ CO,H
l KOt-Bu (1.2 equiv) =

=
toluene, 100 °C, 15 h

o T ot

99% 83% 96%
( :l e
F\©/COZH i CO,H Jv\ CO,H
78% 81% no reaction

Scheme 41. The scope of nickel-catalyzed carboxylations.””

metalation step and the overall reaction of 4-fluoro-
phenyl-Bneop (Scheme 42). Further carboxylation of
the aryltrialkoxyborate gave the corresponding carbox-
ylic acid in good yield even without the addition of
base.

4.1.5. Conversion of Fluorinated Aryl Boronates to
Nitro Arenes

Nitroaromatic compounds are highly useful synthons
in pharmaceutical chemistry.” Although no examples
of the conversion of aryl boronate esters into their
nitroaromatic counterparts have been reported, these
useful compounds can be prepared using aryl boronic
acids®” or trifluoroborate salts.”® Recently, Katayev
et al. reported the conversion of aryl boronic acids into
their nitro analogues using non-metal, recyclable, and
bench-stable nitrating reagents, such as N-
nitrosaccharin.””! N-Nitrosaccharin was readily synthe-
sized from the reaction of a saccharin solution in acetic
anhydride with nitric acid (Scheme 43). The reaction
of electron-deficient aryl boronic acids with 1.3
equivalents of N-nitrosaccharin in 0.6 M hexafluoroi-
sopropanol at 60°C for 19 hours gave the correspond-
ing aromatic nitro compounds in good to excellent
yield (Scheme 44). Notably, high conversion was also
observed for unstable and challenging substrates such
as aryl boronic acids containing two ortho-fluorine

oBu .+ 1) [Ni(IPr)(allyCI]
K (5 mol%)

-1 CO,H
W e
O o CO,, toluene F
F

100°C, 15 h 82%
without base
2) HCl aq.

KOt-Bu
OBneoP (1.0 equiv)
benzene-dg
rt, 30 min e g
quantitative

Scheme 42. The role of KOtBu in transmetalation reactions of
aryl-Bneop compounds.””!
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\Y /O \ 7

s HNO3 / Ac,0 S,
\
Nl ——— N—NO,
0°C - rt
0 46 h 0

95 %

saccharin N-nitrosaccharin

Scheme 43. Synthesis of N-nitrosaccharin.””

N-nitrosaccharin N

R ;
I\\ B(OH), (1.3 equiv) X NO,
= HFIP (0.5 M) —
60°C,19h (e}

? S

| N

| N-NO,
1

1

1

1

1

|

N-nitrosaccharin

80% 92% 90% 87%
o ch ‘2gramscale 00
2 ¢ NO, | NO, s :
: O . N-H !

Cl

B S
|
99% 96% | 95% 95% (saccharin) 1

________________________

Scheme 44. Ipso-Nitration of aryl boronic acids using N-nitro-
saccharin as the nitrating reagent.””!

groups and the reaction could be scaled up to the gram
level.

4.1.6. Conversion of Fluorinated Aryl Boronates to
Cyanoarenes

Introducing cyano groups into drug candidates fre-
quently improves the pharmacodynamics and pharma-
cokinetics of the molecules.” In 2012, Hartwig et al.
reported that an iridium-catalyzed arene C—H boryla-
tion, followed by a copper-mediated cyanation using
Zn(CN), and a stoichiometric amount of a base, such
as CsF, afforded the corresponding desired cyano
products."® In 2013, Han etal showed that a
combination of Cu,O/N,N -dimethylethylenediamine
(DMEDA) catalyzed the cyanation of aryl pinacol
boronate esters in the presence of trimethylsilyl
cyanide (TMSCN).'" In 2006, Liebeskind et al.
reported the palladium-catalyzed/copper-mediated cy-
anation of aryl boronic acids with benzylthiocyanate as
a CN source."™ In 2016, Senanayake et al. reported a
low loading [Rh(cod)Cl],-catalyzed cyanation of aryl
boronic acids with dimethylmalononitrile (DMMN) in
the presence of a stoichiometric amount of base, such
as Cs,CO;.'""! The cyanation of ortho-fluorinated aryl
boronic acids was reported by Qi et al. in 2016.1'% In
this study, the cyanation of aryl boronic acids was
achieved using 2 equivalents of ethyl (ethoxymeth-
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ylene)cyanoacetate as the CN source in the presence of
1 equivalent of copper iodide and 2 equivalents of tert-
butyl hydroperoxide (TBHP) as the oxidant. As shown
in Scheme 45, these reactions tolerated aryl boronic
acid substrates bearing electron-withdrawing substitu-
ents such as trifluoromethyl, chlorine, and fluorine at
the ortho- or para-positions to give cyanoarenes in
excellent yields after 48 hours. However, the cyanation
of aryl boronic acids bearing two ortho-fluorine groups
was not examined.

4.1.7. Methyl Esterification of Fluorinated Aryl
Boronates

Aryl carboxylate esters are another important class of
compounds in organic synthesis and pharmaceutical
chemistry."” The esterification of fluorinated aryl
boronates was initially reported by Xu and Dai
et al." In this study, O-methyl S-p-toluenyl thiocar-
bonate was used as the methoxy carbonylation reagent.
A catalytic amount of [Pd,(dba);]/TFP (TFP = tri(2-
furyl)phosphine) was used as the catalyst system, in
the presence of stoichiometric amounts of copper(l)
thiophene-2-carboxylate (CuTC). Previously, CuTC
salts were proposed in the Liebeskind-Srogl cross-
coupling reaction to have a role in forming a strong
Cu—S bond with the thioester, thus accelerating the
transmetalation step with the palladium catalyst."""! As
shown in Scheme 46, the reaction is viable for aryl
boronic acids bearing a fluorine substituent in either
the para- or meta-position. In general, reactions using
ortho-electron-donating substituents gave higher yields
that those containing electron-withdrawing substitu-
ents.

4.1.8. Conversion of Fluorinated Aryl Boronates to
Aldehydes

Compounds containing an aldehyde group are impor-
tant synthons in organic synthesis as they can readily
be transformed into a plethora of functional groups.
For example, Vemuravenib, which is used for treat-

Cul (1 equiv)

R\\ B(OH), EtOij/\OEt TBHP (2 equiv) R\\ CN
- : . DMF, 130 °C, air Z
0.3 mmol 2 equiv time (h)
oot o G
Fs& cl F ©/
68% (24 h)

90% (48 h) 85% (48 h) 95% (48 h)  58% (24h)

Scheme 45. Copper-promoted cyanation of aryl boronic acids
with ethyl (ethoxymethylene)cyanoacetate as the cyanating
agent,'
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Pd,dbas (5 mol%)

TFP (20 mol%), Q
R B(OH o i B

|\\ . CuTC (1.6 equiv) I\\ OMe

P p-TolS™ "OMe 1 4_dioxane, 60 °C Z

16 h
COMe F coMe ¢ \OMe!

/@/ \©/ ©/002Me ©/002Me

70% 65% 40% 70%

Scheme 46. Palladium-catalyzed esterification of aryl boronic
acids.!*

ment of late-stage melanoma, and Sitagliptin, which is
a promising antidiabetic candidate, are synthesized
from fluorinated benzaldehyde derivatives (Figure 1).!")
In 2017, Wang et al. reported a method to convert aryl
boronic acids to aldehydes in the presence of glyoxylic
acid monohydrate and 1,2,3,4-tetrahydroquinoline act-
ing as an organocatalyst.!'”™ This method was success-
ful using the challenging substrate, C,F;B(OH),, to
give 2,3.4,5,6-pentafluorobenzaldehyde in a fair yield
(51%). Interestingly, this reaction was tolerant of aryl
boronic acids bearing reactive groups such as para-
chlorine, bromine, iodine, and triflate (Scheme 47).
The reaction was proposed to involve a Petasis
intermediate, whereupon independent synthesis of this
species followed by treatment with CDCl; in air
afforded benzaldehyde quantitatively (Scheme 48).

L)

H 0

R -
B(OH), 1,2,3,4-tetrahydroquinoline R
B
A + CHOCO,HH,0 ——— 23 mo%) Dk
Z Ze MeCN, rt, air -
24 h

F
F CHO

X ™ o
F ! Fc Br | 0

75% 65%
(75°C)

51% 7% 70%

Scheme 47. Amine-catalyzed formylation of aryl boronic acids

with glyoxylic acid.!'*®

C(Nj open NMR tube, rt
COOH CDCI3 overnight ©)\ C(j
> 95% conversion

Scheme 48. Conversion of a Pestasis intermediate to give
benzaldehyde.!"™
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4.2. Homocoupling Reaction

4.2.1. Palladium-Catalyzed Homocoupling of Poly-
fluorophenyl Boronate Esters

In transition metal catalysis, reductive elimination is an
important step to release the coupled products.!'?!%
Indeed, two electronic effects play an important role in
the reductive elimination of [ML,(Ar)(Ar’)] complexes
containing group-10 metals to form biaryl compounds
Ar—Ar'. Reductive elimination is favorable if the
ancillary ligands are weak electron donors or strong z-
acceptors.""! Furthermore, the rate of reductive elimi-
nation of Ar—Ar’ from these complexes decreases in
the order Ar;—Ar oo > AL —Ar oy > AT oo AL oo
(Ar,, =electron rich aryl; Ar,,, =electron poor aryl).
Moreover, reductive elimination of very electron poor
diaryls, such as C;Fs—C(Fs, is challenging owing to the
strong metal—C,,,; bonds.""">""

In 2011, Menezes and Oliveira efal. reported
optimized conditions for the homocoupling of potas-
sium aryl trifluoroborates salts in aqueous media.'"”!
However, if the aryl groups contain two ortho-fluorine
substituents, homocoupling products were not ob-
served. In 2020, Radius and Marder et al.""'®! reported
an efficient palladium-catalyzed homocoupling reac-
tion of aryl pinacol boronates containing two ortho-
fluorine groups. Reactions conducted in noncoordinat-
ing solvents such as toluene, benzene, or m-xylene
were found to promote reductive elimination in the
absence of ancillary ligands or coordinating solvents.
Indeed, reactions conducted in weakly coordinating
solvents were impeded by the formation of stable
complexes of the type cis-[PdL,(Ar),].

In this same investigation, the palladium-catalyzed
homocoupling of fluorinated aryl-Bpin compounds
was conducted in the presence of stochiometric
amounts of silver oxide, which acted not only as an
oxidant but also had a role in facilitation of the
transmetalation step (see Section 4.3.3 for the role of
Ag,0 in transmetalation). Only reactions of aryl-Bpin
compounds containing one ortho-fluorine group
proved successful. Further investigation showed that
stoichiometric  reactions of C(F;Bpin, 2,4,6-
trifluorophenyl—Bpin, and 2,6-difluorophenyl—Bpin
with palladium acetate in MeCN once again resulted in
the formation of the stable complexes cis-[Pd-
(NCMe),(C¢Fs).], cis-[Pd(NCMe),(2,4,6-C¢F3H,), ],
and  cis-[PA(NCMe),(2,6-C(F,H;),], respectively
(Scheme 49). Thus, it was concluded that: (i) reductive
elimination from [PdL,(Ar),] is problematic if the aryl
ring contains two ortho-fluorines; and (ii) the use of
weakly coordinating solvents, such as MeCN, generate
stable complexes that shut down the homocoupling
reaction. Therefore, the use of ‘noncoordinating’ arene
solvents such as toluene, benzene, or m-xylene was
required for the homocoupling of 2,6-C¢F,  H; Bpin
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Frw=
Fn Pd(OAc), (0.4 mmol) "~
N\ / NCMe
=|= Ag,0 (1.6 mmol) /
MeCNo ~ \owe
16 h, 60 °C Fn/\ /
1.2 mmol

| ArF,, = CgFs (75%) .
2,4,6-CgF 3H, (80%),
2,6-CgF,H; (93%) |

|
]
|
\

Scheme 49. Synthesis of cis-[Pd(NCMe),(Ary,),].l"*

in excellent yields as long as no stronger coordinating
solvents or ligands are present (Scheme 50).

DFT calculations at the B3LYP—-D3/def2-TZVP/6-
311 4+g(2d,p)/IEFPCM // B3LYP—-D3/SDD/6-31 g**/
IEFPCM level of theory were performed, which
indicated an exergonic process and lower barrier (<
21 kcal/mol) for the reductive elimination of [Pd-
(C¢F5),] complexes bearing arene ligands, compared to
stronger coordinating solvents or ancillary ligands
(acetonitrile, THF, SMe,, and PMe,), which showed
not only an endergonic process, but also required high
energy barriers (>34 kcal/mol). The reductive elimi-
nation from [Pd(#"-arene)(C¢Fs),] has a low barrier due
to: (i) ring slippage of the arene ligand as the hapticity
changes from #° in the reactant to 7" (n<3) in the
transition state and the product, which led to less o-
repulsion; and (i) more favorable z-back-bonding
from [Pd(Arg),] to the arene ligand in the transition
state. These findings support the experimental results,
which showed that the palladium-catalyzed homocou-
pling of 2,6-difluoro-aryl-Bpin derivatives is efficient
in aromatic solvents.

Tn Pd(OAc), (2 mol%) '|:n Fn
=] Ag,0 (1 equiv
@_Bpin 920 (1 equiv) N \I/
toluene
n:0,2-5 5h 75°C
0.6 mmol
F(F
Substrate: F—QBpm —QBpm FGBPWI Q’Bpin
F
Yield : 97% 96% 93% 97%
‘F F3C
Substrate: QBPIH F—@—Bpm QBpm DBP"’I
F F5C
Yield : 92% 97% 97% 92%

Scheme 50. Palladium-catalyzed homocoupling of fluorinated
aryl pinacol boronates in toluene.!"'®!
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4.3. Suzuki-Miyaura Cross-Coupling

4.3.1. Palladium-Catalyzed Suzuki-Miyaura Cross-
Coupling to Polyfluorophenyl Boronic Acids and
Esters

The Suzuki-Miyaura cross-coupling reaction is well
known as one of the most important methodologies for
generating a C—C bond and has been widely utilized in
the synthesis of natural products and in materials
chemistry, including large-scale production.!''”""!
However, employing fluorinated aryl boronates that
contain two ortho-fluorines in this reaction has been
challenging.!'”'** For example, Thiemann et al. re-
ported optimized conditions for the palladium-cata-
lyzed  Suzuki-Miyaura  cross-coupling of  4-
bromobenzoylmethylidenetriphenylphosphorane  with
fluorine-containing aryl boronic acids in good yields in
some cases (Scheme 51).'?) However, under these
conditions, if the aryl boronic acids had two ortho-
fluorines, e.g., 2,6-difluorophenylboronic acid and
pentafluorophenylboronic acid, the corresponding
cross-coupled products were not observed. The reac-
tion was only efficient for aryl boronic acid com-
pounds bearing one ortho-fluorine.

In 2010, Buchwald et al. showed that the rate of
transmetalation was accelerated by an increased
number of fluorine substituents and that compounds
containing ortho-fluorine groups displayed the highest
activities.!' The precatalyst XPhosPd—G2
(Scheme 52) provided an active XPhosPd(0) species
which underwent oxidative addition in situ and en-
hanced the cross-coupling rate. The rate of protode-
boronation of polyfluorophenyl boronic acids was
impeded by employing 0.5 M K;PO, in THF at room
temperature. These reactions were efficient for the
Suzuki-Miyaura cross-coupling of 2,6-difluorophenyl-
boronic acids derivatives with aryl bromides, chlorides,
and triflates, but poor yields were observed using aryl
iodides. The protodeboronation of 2,3,6-trifluorophe-
nylboronic acid was rapid and poor yields were
observed. This observation was supported by Lloyd-
Jones etal. who showed that aryl boronic acids
containing fluorine substituents at both the ortho- and

/PPha PPh;
7 [Pd(PPhs)y] (5 mol%) 7
Ar-B(OH), +Br—©—< - Ar_®—<
@) 2 M aq Na,CO3 o
DME, 75°C, 3 h
F> F (P
- O G O s
(E) F (F
65% 66% 0% 0%

Scheme 51. Palladium-catalyzed cross-coupling of phosphor-
anes with aryl boronic acids.!"*?
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% Ar N

1
1
I« B(OH), XPhosPd-G2 (2-3 mol%) !
| + AX g Pd-Cl
U A e THF (0.5 M) VNE |
F =4 XPhos
R =it KsPO, (0.5 M aq, 2 equiv) '
rt, 30 min ' XPhosPd-G2
OMe
F F S N
J 3 IO 11
J L QT "
F g iPr E F
= Cl: 959
§=g'rigg£ X = OTf X=Cl X =Cl
X = OTF: 95% Esde 9% T
¢ F o] Fo C OMe
Ly /
LT
F F ofB "
u OtBu
X=Cl X=Br X =Cl

96% 45%

97%

Scheme 52. Buchwald Pd—G2 precatalyst for Suzuki-Miyaura
cross-coupling of polyfluorophenylboronic acids with aryl
halides.!"*

meta-positions were
protodeboronation.*®!

Later, Buchwald efal replaced the precatalyst
Pd—G2 with Pd—G3, by exchanging the chloride ligand
at Pd—G2 with a noncoordinating methanesulfonate
ligand (MS).["*! However, activation of the precatalyst
LPd—G3 to generate LPd(0) often resulted in a
carbazole byproduct that reacted with the starting
materials and made the isolation of products challeng-
ing (Scheme 53). It is important to note that there is a
significant health risk associated with NH,-amino-
biphenyl impurities in pharmaceuticals."*”

Further development generated precatalysts via the
replacement of the NH,-aminobiphenyl ligand of
Pd—G3 with N-methyl or N-phenyl analogues to
generate Pd—G4.'"** Similar to Pd—G2, XPhos was
also reported to be the optimal ligand in reactions with
the dimer of Pd—G3 or the monomer of Pd—G4 for the
Suzuki-Miyaura cross-coupling of 2,6-difluorophenyl
boronic acid with aryl halides. Under these conditions,
cross-coupled products were afforded in excellent
yields (Scheme 54).1'21%¥]

susceptible  to  rapid

o
Pd L
O OMs

Pd-G3

Reductive

g
elimination LPd(0)

Pd— N Active Catalyst
N
H

Scheme 53. Activation of the Buchwald Pd—G3 precatalyst.!'*"!

Deprotonation
_—
Base
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[Pd-G3], / XPhos F
(2 mol%)

O OMe
s CL e

quantitative

s/)—Me
L

R= Me; yield = 95%
R= Ph; yield = 99%

® B(OH) .
(j Q

0.5 M aq K3PO,
THF, rt, 30 min

?or XPhosPd-G4 F
.
Y, e—»
Foci THF/0.5 M aq K5PO,
(1:2)
rt, 30 min

[
O P'd—OMs
XPhos

Scheme 54. Buchwald (A) Pd—G3 or (B) Pd—G4 precatalysts
for the cross-coupling of 2,6-difluorophenyl boronic acids with
aryl chlorides.!'2%!%*]

In 2018, Carrow etal synthesized a series of
unsaturated complexes of the type [Pd(L)(Ar)X],
including [Pd(PAd;)(p-FC¢H,)Br] (Carrow precatalyst;
PAd; = tri(1-adamantyl)phosphine), which was found
to be an efficient ‘on-cycle’ precatalyst.”” This system
allowed for the Suzuki-Miyaura cross-couplings of
highly fluorinated aryl boronic acids with aryl or
heteroaryl bromides and proved to be faster than the
competing protodeboronation degradation pathway.
The synthesis of the precatalyst proceeded via a room
temperature reaction of the G3 Buchwald palladacycle
with 1-bromo-4-fluorobenzene (Scheme 55). The cata-
lytic process initially occurred via deprotonation of the
PAd;-palladacycle G3 using sodium hydroxide, which
led to the C—N reductive elimination of carbazole and
the generation of an active species [Pd(PAd,;)]. The
Pd(0) species generated is then believed to be trapped
by 1-bromo-4-fluorobenzene, undergoing oxidative
addition to give [Pd(PAd;)(p-FC¢H,)Br]. It is important
to note that this T-shaped precatalyst is stable in air,
under moisture, and on silica gel, which allows its easy
purification via flash chromatography.

Treating a mixture containing C.FsB(OH), with 1-
bromo-4-fluorobenzene, 1 mol% of [Pd(PAd;)(p-
FC¢H,)Br] with 1.1 equivalent of Et;N at room temper-

1 ) p-F-C6H4Br

AdsP,_
Ms NaOH Pd
0 , N
/Pd;/( + pad, N22SO0410H0 Br
2 2) LiBr F
0,
G3 Buchwald 89%
Palladacycle

Scheme 55. Synthesis of Pd(PAd;)(p-FC¢F,)Br."”)
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ature, afforded the corresponding cross-coupled prod-
uct in only 2% yield (Scheme 56A). However, for
reactions employing C¢FsBpin, an increased yield of
91% was obtained upon addition of 1.2 equivalents of
water to the mixture (Scheme 56B). Unlike C¢F;Bpin,
which is more stable to wet triethylamine, C,F;B(OH),
decomposes within minutes to give C,FsH in 99%
yield (see Section 3, Chart 1). Thus, the authors
proposed that careful addition of water may facilitate a
fast equilibration between boronic acid and its ester
analogues, the former being more reactive for trans-
metalation and the later being more stabile to proto-
deboronation. Notably, using insoluble salts such as
Na,SO,-10H,0 as a source of water which can be
released slowly in the reaction gave the highest yield
in 93%. On the other hand, reactions with C;F;B(OH),
were still ineffective. These optimized conditions are
appropriate for coupling various fluorinated aryl
boronic acids or esters with aryl bromides and hetero
aryl bromides in good yields.

In 2017, Bulfield and Huber reported methods for
the synthesis of polyfluorinated biphenyls, with fluo-
rine substituents being present in both coupling
partners.!'”! They employed a combination of 5 mol%
of [Pd,(dba);] and 15 mol% of a phosphine ligand to
couple fluorinated aryl boronates with fluorinated aryl
halides. The reactions required K,CO; as a base and
long reaction times of 60 hours at 95°C. They also
selected different phosphine ligands to optimize each
cross-coupling reaction that employed different fluo-
rine substituents on aryl boronates and aryl halides.
Selected examples are shown in Table 3 for the cross-
coupling of 1,2.4,5-tetrafluoro-3-iodobenzene with
different aryl boronates and ligands. Overall, aryl
boronic acids that contain one ortho-fluorine group
such as 2,3,4-trifluorophenyl boronic acid are still
more difficult to undergo cross-coupling reactions than
analogues with no ortho-fluorine groups, such as 3,4,5-
trifluorophenyl boronic acid (Table 3, entries 1 and 2).
However, better yields were obtained when neopentyl

glycol boronic esters (Bneop) and (N-meth-
1 mol% F F
F Pd(PAd3)(p-FCeFu)Br O
AT T E T D
toluene, rt F F
- 05h_ &
B = B(OH), or Bpin (_no_water} 2%
1 mol%
Bpin F Pd(PAds)(p-FCoF4)Br
Q Et3N/ 1.2 equiv H,O
toluene, rt
0.5h F 91%

Scheme 56. Precatalyst [Pd(PAd;)(p-FC4H,)Br] for cross-cou-
pling of C4FsB(OH), or its C4FsBpin with (p-FC¢H,)Br: (A)
without water; or (B) with addition of water.[””
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Table 3. Palladium-catalyzed Suzuki-Miyaura cross-coupling
to achieve polyfluorinated biaryls.!'"

15 mol% Ligand

F, F 5 mol% Pd,y(dba); F, F
=/"Fn, THF/toluene/H,0O \ ’\Fm
F F (3:3:1) F F
95°C, 60 h
Optimized yield
B-Arg Product (Ligand)
F
HO\ F, F F .
B F o
, <:§ F (CyJohnPhos)
HO
F F F F
E F 28%, B: B(OH),
(XPhos);
BQF Q Q F 84%, B: Bneop
(DavePhos);
F FF F
F F 80%, B: BMIDA
(CyJohnPhos)
F FF F
F 62%
neopBQF (DavePhos)
F F F FF F
FF F FF F
0%, B: B(OH)y;
B F Q Q F | <5%, B: BFy salt
F F F FF F

yliminodiacetic acid) boronate (BMIDA) analogues
were used (Table3, entry2). The most electron
deficient substrate, however, pentafluorophenyl bor-
onic acid, or its trifluoroborate salt analogue were not
viable under these conditions. (Table 3, entry 4).

In 2012, Hartwig etal reported a method to
synthesize fluorinated biaryls via a one-pot, two-step
process, i.e., iridium-catalyzed C—H borylation of
fluoroarenes followed by Suzuki-Miyaura cross-cou-
pling using a simple palladium catalyst (vide supra).””!
Using this method, borylation occurred selectively
ortho to the fluorine substituent due to its small size
and the steric repulsion of other bulkier substituents
such as methoxy, carboxylate, and chloride groups, etc.
Buchwald et al.'*>"**'**) and Carrow et al.'”” showed
that highly reactive palladium precatalysts were needed
to employ unstable substrates such as 2,6-difluoroaryl
boronic acid. Interestingly, in a further report, Hartwig
et al. demonstrated that a combination of 1 mol% of
[Pd(dba),] and equimolar Q-phos (1,2,3,4,5-pentaphen-
yl-1'-(di-tert-butylphosphino)ferrocene) was sufficient
to catalyze effectively the Suzuki-Miyaura cross-
coupling of in situ generated 2,3-difluoroaryl and 2,6-
difluoroaryl pinacol boronate esters with aryl bro-
mides. The Suzuki-Miyaura cross-coupling reaction
was conducted in the presence of K;PO, as a base in a
mixture of dioxane and water (10:1), at 50°C for 18 h.
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As shown in Scheme 57, the cross-coupled products
were generated in good yields.

The Lewis acidity of the boron atom is important
for the reactivity of organoboron compounds in cross-
coupling reactions. In 2007, Suginome efal. intro-
duced protected analogues of aryl boronates, namely
aryl-Bdan (dan = naphthalene-1,8-diaminato) deriva-
tives, for which the C—B bond is less reactive due to
the reduced Lewis acidity of the boron atom.!'*”! In
2020, Saito et al.'" and Tsuchimoto et al.'"*" reported
a method to apply aryl-Bdan compounds in Suzuki-
Miyaura cross-coupling reactions. Indeed, Saito
et al'™ reported examples of different polyfluoro-
phenyl-Bdan derivatives, especially C¢F;Bdan, that
were coupled without difficulty with aryl iodides using
a combination of common palladium catalyst precur-
sors such as [Pd,(dba);]-CHCI; and ligands such as
XPhos. The reactions were conducted in the presence
of a 1 M solution of KO#-Bu/THF, in toluene, at 70°C
for 24 hours to give cross-coupled products in good
yields (Scheme 58). Under these conditions, the
addition of water inhibits the palladium-catalyzed
cross-coupling process of aryl-Bdan with the aryl
iodide. In contrast, Carrow et al.” previously reported
that the addition of water was required to improve the
performance of the palladium-catalyzed cross-coupling

1) [Ir(cod)OMe)], (0.25 mol%),
dtbpy (0.5 mol%),
B,pin, (0.5 equiv), .
/@\ +R2©/Br THF,80°C,18h X
) Pd(dba), (1 mol%), R F
Q- phos (1 mol%), ArBr, K5PO,,
dioxane/H,0 (10:1), 50 °C, 18 h

WS ol

R,= 4-Me; 77% CO,Me
R,= 4-OMe; 74% 88%
R,= 2-Me; 70%

R,= 4-CO,Et; 84%
Ry= 2-Me-4-F; 58%

Scheme 57. Iridium-catalyzed C—H borylation / palladium-
catalyzed cross-coupling of fluoroarenes with aryl bromides.>”!

[Pd,(dba);]-CHCI; (2 mol%)
OMe
AN Bdan+ /@/
Fn—./ |

Ligand (4.0 mol%) OMe
i
R ~
1.25 equiv

1 equiv

1.0 M KOt-Bu/THF
OMe OMe F
peadiie

toluene
70°C, 24 h
F
95% 75% 83%
(Ligand: PPh3) (Ligand: PPhs) (Ligand: Xphos)

of aryl pinacol boronates bromides
(Scheme 56).

It should be mentioned that Cammers-Goodwin
etal. showed that C/F;B(OH), is susceptible to
nucleophilic attack at its para-carbon atom to replace
the para-fluoro-substituent with potassium tert-butox-
ide (KO#-Bu).'** However, the method described by
Saito et al.'"*” above used excess strong base, such as a
1 M solution of KO#-Bu in THF, but, interestingly,

attack at the para-carbon was not mentioned.

with aryl

4.3.2. Palladium-Catalyzed Suzuki-Miyaura Cross-
Coupling of Polyfluorophenyl Borate Salts

In 2003, Frohn and Adonin et al!* reported the
application of lithium polyfluorophenyltrimeth-
oxyborates Arp—B(OMe),Li in Suzuki Miyaura cross-
coupling reactions under base-free conditions. They
observed optimal yields using C,FsB(OMe);Li and 4-
fluoroiodobenzene along with 10 mol% of [Pd(PPh;),]
as a catalyst (Scheme 59). However, the same con-
ditions were not effective for other Ar—B(OMe);Li
substrates containing hydrogen substituents, but the
yields could be improved using 10 mol% of [Pd-
(OAc),] as the catalyst precursor and DME as the
solvent. The authors showed that fluorinated aryl-
B(OMe);Li compounds were more reactive and gave
better yields than their potassium trifluoroborate salt
analogues.!** Notably, the yield of the cross-coupled
product from the reaction of C,FsB(OMe);Li with 4-
fluoroiodobenzene was improved by the addition of
stochiometric amounts of silver oxide.

In 2003, Molander et al.!"* reported an effective
method using a low loading of [Pd(dppf)Cl,]-CH,CI, to
catalyze the Suzuki-Miyaura cross-coupling of aryl
halides with potassium heteroaryltrifluoroborate salts.
These authors demonstrated that 2,6-difluorophenyl-

P(OAG), (10 mol%)

O/ OMe)3L| /©/

Pd cat: Pd(PPhg),:

Solvent: toluene ‘
/i
100°C,25h 1 F

32% 32%

DME F O
. . 80°C,3h "N
1.5 equiv 1 equiv !
O
, F G ' F
: ||
. F F ' F
! F )
. 60% ! 70% 40%
|
1
1
1
1

Scheme 58. Palladium-catalyzed Suzuki-Miyaura
pling of polyfluoroaryl-Bdan and aryl iodide.!"*"!

Cross-cou-
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Scheme 59. Palladium-catalyzed cross-coupling of fluorinated
aryl-B(OMe),Li with 4-fluoroiodobenzene.!"**!
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BF;K was a viable substrate in the reaction (Sche-
me 60A), but also that this method was less effective
in reactions employing C,F;BF;K (Scheme 60B).

4.3.3. Silver Oxide-Assisted Palladium-Catalyzed Su-
zuki-Miyaura Cross-Coupling Reaction of Fluori-
nated Aryl Boronic Acids or Borate Salts

In 1987, Kishi et al!™® reported that rates of the
palladium-catalyzed Suzuki-Miyaura cross-coupling
reaction are 30 times faster in the presence of silver
oxide (Ag,0) compared to those reactions using
common bases such as potassium hydroxide. In 2003,
Osakada et al.!®” showed that the reaction of [Pd-
(PEt;),(C(Fs)IT with Ag,O in toluene-water gave the
stable complex [Pd(PEt;),(C4Fs)OH] with concomitant
formation of silver iodide (Agl). Furthermore, [Pd-
(PEt;),(C¢F5)OH] underwent transmetalation with 4-
methoxyphenylboronic acid followed by reductive
elimination to give the corresponding fluorinated
biphenyl product. Thus, it was suggested that Ag,0
replaces the halide ligand (X) in [PdL,(Ar)X] with an
OH ligand, to give an hydroxy-palladium species that
has a higher affinity for transmetalation.

As Ag,0 is known to accelerate the transmetalation
of arylboronates (vide supra), this phenomenon was

A)
F N PACIa(dppN-CHACly (1 mol%) cN
CEBF3K Et;N (3 equiv) O
+
E Br EtOH, reflux O
6h F

PACIly(dppf)-CH,Cl, (5 mol%)

i-ProNEt (3 equiv) F
THF, reflux

B)
F
F BF3K CN
+
F FBr
E 36 h F F

) F
1 equiv 38%

Scheme 60. Palladium-catalyzed cross-coupling of potassium
fluorinated-aryltrifluoroborates with 4-bromobenzonitrile.!"*

A)
i [PA(PPhs),] (3 mol%) Be &
3 4 molo,
80 14 FSaremn Ty
Ag,0 (1.2 equiv)
DME, 70 °C, 12 h F F
CsF (2 equiv) 90%
B)

'

[Pd(PPh3 4] (3 mol%)
B(OH),+ |@ F 40%
Ag,0 (1.2 equiv) + F
F DME, 70°C, 6 h .-
KOtBu (2equiv) BUO
F 30%

Scheme 61. Ag,0-assisted palladium-catalyzed cross-coupling
of C4,FsB(OH), with iodobenzene.!'**
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exploited to accelerate the Suzuki-Miyaura cross-
coupling with, e.g., 2,6-difluoro-substituted arylboro-
nate substrates. In 2005, Korenaga et al. employed
3 mol% of [Pd(PPh;),] as a catalyst precursor, and CsF
as a base, to achieve the cross-coupling of C;F;B(OH),
with iodobenzene in DME at 70°C (Scheme 61A).1"*"
It should be noted that using KO#Bu as a base also
accelerated this reaction, but it gave the byproduct p-
(+-BuO)—C(F,—C(H; in 30% yield (Scheme 61B). It is
known that the para-position of pentafluorophenyl is
susceptible to nucleophilic attack to replace the para-
fluoro-substituent at C,FsB(OH), with an alkoxide
base.['*

Furthermore, Korenaga et al.""** reported optimized
conditions for the use of aryl bromide instead of aryl
iodide substrates and demonstrated that a combination
of 2.5 mol% of [Pd,(dba);] and 6 mol% of P(¢+-Bu); in
DMF, at 100°C, for 12 hours, gave the cross-coupled
products in fair to good yields (Scheme 62). Overall,
electron-rich aryl bromides afforded the cross-coupled
products in more than 90% yield and were conse-
quently more favorable compared to electron-poor aryl
bromides. However, sterically hindered electron-rich
aryl bromides, such as 2-methyl-phenylboronic acid,
gave the cross-coupled product in only 54%. Less
efficient cross-coupling was found employing phenyl
chloride or triflate instead of the analogous bromide to
give the corresponding products in 39% and 4% yield,
respectively.

In 2005, Takimiya efal reported the Suzuki-
Miyaura cross-coupling reaction employing heteroar-
enes, such as 2-bromothiophene derivatives with
C¢FsB(OH),.!"* For example, using pentafluorophenyl
boronic acid with 2-bromothiophene with 8 mol%
[Pd(PPh;),] along with an excess of K;PO, and Ag,0,
led to the cross-coupled product in moderate yield
(Scheme 63).

In 2002, Frohn and Adonin efal” reported
optimized conditions for the Suzuki-Miyaura cross-

[Pd,(dba)s] (5 mol%)

P(t-Bu);z (12 mol%)
F B(OH),+ ABr ————— X X > F Ar
Ag,0 (1.2 equiv)
F

FF CsF (2 equiv), DMF, F
100°C,12h
ArBr: —< >— —Q ‘Q —< >—
93% 95% 54% 94%
Br
ArBr: Br—@—F BrOCOQEt Br—@—CF3
91% 90% 79% 73%

Scheme 62. Ag,0-assisted palladium-catalyzed cross-coupling
of C4FsB(OH), with aryl bromides."**
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FF FF
S—  [Pd(PPhs)] (8 mol%) s
F BOH)p+ Br— | ————> F |
: 2 _@ Ag,0 (2 equiv) \
F F K3POy4, DMF, FF
85°C,4h 68%

Scheme 63. Palladium-catalyzed cross-coupling of pentafluoro-
phenyl boronic acid with 2-bromothiphene.!*”!

coupling of potassium pentafluorophenyltrifluorobo-
rate (C¢FsBF;K), which was chosen as it is more stable
in the presence of base compared to its boronic acid
analogue. Thus, a combination of 10 mol% of [Pd-
(OAc),]. 20 mol% of PPh;, and 2 equivalents of K,CO,
catalyzed the Suzuki-Miyaura cross-coupling of
C¢FsBF;K with aryl iodides in toluene at 100 °C within
3 hours. However, this reaction only gave the corre-
sponding products in good yields in the presence of
stoichiometric amounts of Ag,0 (Scheme 64). In 2015,
Adonin ef al. extended his method to cross-couple
C,FBF,K with aryl bromides.'"*" In 2003, Frohn and
Adonin et al. employed C,FsB(OMe),Li instead of its
—BF;K analogue and, interestingly, in this case
sufficient yields were obtained without the presence of
base, but stochiometric amounts of Ag,0 were neces-
sary (Scheme 65).!"*!

As mentioned in section 4.2, the palladium-
catalyzed homocoupling of aryl pinacol boronates to
generate symmetrical fluorinated biaryls with two
ortho-fluorines in each ring must be conducted in arene
solvents to reduce the energy barrier of the reductive
elimination step.!"'” It was previously mentioned in
section 4.3.2 and Table 3 that Bulfield and Huber
reported optimized conditions for constructing poly-
fluorobiphenyls via Suzuki-Miyaura cross-coupling of
fluorinated aryl-boronic acid derivatives and fluori-
nated aryl halides, using a combination of [Pd,(dba);]
and phosphine ligands in good to excellent yields;!"*!

FF _ F F
— R Pd(OAc),, ligand = R
F BF.K + —_—» F
K*XN\Y K,CO3, Ag,0 (1 equiv) \ 7

F F toluene, 100 °C F

If X = I; ligand = PPhj
If X = Br; ligand = P(¢-Bus)

Scheme 64. Palladium-catalyzed cross-coupling of CgFsBF;K
with aryl iodides and bromides."**'*"
Agzo (1.2 equiv)

QB@M%L.H@
toluene, 100 °C

1 equiv 3h

Pd(PPhs), (10 mol%) i .
F

0.5 mmol 90%

Scheme 65. Palladium-catalyzed cross-coupling of CiFsB-
(OMe);Li with 1-fluoro-4-iodobenzene.!'*
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however, the reaction failed to couple pentafluorophen-
yl boronic acid derivatives with 1,2,4,5-tetrafluoro-3-
iodobenzene (Table 3, entry 4). Moreover, Osakada
et al. reported the reaction of trans-[Pd(PEt;),(CsFs)I]
with 2,4,6-C,F;H,B(OH), in the presence of an excess
of Ag,0 to give trans-[Pd(PEt;),(C¢F5)(2,4,6-C,F;H,)]
in 92% yield, but no reductive elimination product was
observed (Scheme 66).1"*"!

4.3.4. Copper-Catalyzed Suzuki-Miyaura Cross-Cou-
pling of Fluorinated Aryl Boronic Esters

As described in sections 4.3.1-4.3.3, the palladium-
catalyzed Suzuki-Miyaura cross-coupling of fluori-
nated aryl boronic acids requires one of the following
methods to achieve acceptable to good yield: (i) a
stoichiometric amount of silver oxide; (ii) a highly
reactive palladium precatalyst such as second, third,
and fourth generation Buchwald precatalysts or Carrow
precatalysts; (iii) a one pot-two step iridium-catalyzed
C—H borylation of fluoroarenes with B,pin, followed
by a palladium-catalyzed Suzuki-Miyaura cross-cou-
pling reaction; or (iv) via protection of the boron using
more stable moieties such as Bdan (vide supra).
Several reports employing economically-viable and
earth-abundant low toxicity metals, such as copper, as
catalyst systems have been of recent significant interest
for Suzuki-Miyaura cross-coupling reactions.!'**'*%
Thus, Radius and Marder reported the copper-cata-
lyzed Suzuki-Miyaura cross-coupling of highly fluori-
nated aryl boronic esters with aryl halides.'”’ A
combination of 10 mol% copper iodide and 10 mol%
phenanthroline with CsF as a base proved effective in
the cross-coupling of fluorinated aryl pinacol boronates
with aryl iodides to generate cross-coupled products in
good to excellent yields (Scheme 67).

This method was also applicable to polyfluorophen-
yl borate salts such as pentafluorophenyl-BF;K. Nota-
bly, slightly lower yields were obtained when employ-
ing 2,4,6-trifluorophenyl—Bpin and 2,3,5,6-
tetrafluorophenyl-Bpin due to the formation of C—H
arylation byproducts. It is known that C—H bonds that
are flanked by two C—F bonds have a high acidity and
can be directly arylated."**'**) However, these results
showed that C—Bpin groups are more reactive than
C—H bonds within the arylation target. Cross-coupling

PEt; PEta
St %} Ras: e
F F PEts

F PEt3
0.5 mmol 5 equiv

Ag,0
(1.2 equw)

toluene/H,0
rt, 12 h

92%

(no reductive elimination observed)

Scheme 66. Synthesis of
CgF;Hy) .7

trans-[Pd(PEt;),(C4F5)(2,4,6-
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Cul/phenanthroline (10 mol%)

5 O
Fn'—./ |

CsF, DMF
130 °C, 18 h

Cu(OAc), (5-10 mol%)
myristic acid (10-20 moI%

2,6-lutidine (1 equiv)
toluene, air, 20 h
ambient temp

SO tshe

1.5 equiv

y‘ tr‘ t‘ t’

74% 75% 99%
95% F 94% F 81% \’;

H
OO0
MeO c

70% 10%

Scheme 67. Copper-catalyzed cross-coupling of polyfluoro-
phenyl-Bpin with phenyl iodide.!"”!

of aryl bromides instead of aryl iodides with
polyfluoroaryl-Bpin is also possible if an increased
amount of the Cul/phenanthroline catalyst in a mixture
of DMF and toluene (1:1) is used.

4.4. C—N Cross-Coupling

4.4.1. Copper-Catalyzed Chan-Evans-Lam C—N
Cross-Coupling of Fluorinated Aryl Boronic Acids
with Amines

Aromatic amines are widely utilized as important
compounds in agrochemical™ and pharmaceutical
science."” A C—N cross-coupling reaction of aryl
amines with aryl boronic acids or esters is a powerful
way to approach the corresponding diarylamines,
known as Chan-Evans-Lam cross-coupling
reactions.'”>") It should be mentioned that Chan-
Evans-Lam cross-couplings to form C—N bonds are
conveniently conducted using a copper catalyst system
at room temperature, providing an advantageous route
compared with cross-couplings of aryl halides using
commonly employed yet commercially expensive,
palladium precatalysts that required high temperatures
for the reaction to go to completion.!"**'*! In 2001, it
was reported that the optimal conditions for the
copper-catalyzed Chan-Evans-Lam cross-coupling of
aryl amines with aryl boronic acids could be achieved
in the presence of a low loading of added myristic acid
along with stoichiometric amounts of 2,6-lutidine./'®”!
However, the reaction was not effective for aryl
boronic acids bearing electron-withdrawing substitu-
ents such as chloride (Scheme 68).

In 2015, Kobayashi ef al. optimized these condi-
tions using copper(ll) acetate as a catalyst and a fac-
[Ir(ppy);] complex as a photocatalyst in the presence
of blue LEDs and 2,6-lutidine as a base.!'"®") As shown
in Scheme 69, this method is viable for the C—N cross-
coupling employing aryl boronic acids bearing elec-
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Scheme 68. Copper(I)-catalyzed N-arylation of aryl boronic
acids with anilines.!*!

Cu(OAc), (10 mol%)
myristic acid (20 mol%)

O/B(OH)Z HoN \© fac-[Ir(ppy)s] (1 mol%)
2 6-lutidine (1 equiv)
1.5 equiv toluene/MeCN (1:1)

35 °C, blue LED,
open air, 20 h

Boas O@@r@@ap

93% 65% <5%

H
pae
EWG

Scheme 69. Visible light-mediated C—N coupling of electron-

deficient aryl boronic acids and aniline.!"®!

tron-withdrawing substituents such as chlorine or
fluorine at the para-position and, not unexpectedly,
was better than those with -electron-withdrawing
halides at the meta- or ortho-positions. Thus, solving
this problem in C—N cross-coupling of anilines with
aryl boronic acids bearing ortho-chlorine or ortho-
fluorine might require conducting the reactions under
base-free condition to slow down the protodeborona-
tion.

However, prior to Kobayashi’s report, in 2008, Su
et al. reported the copper-catalyzed N-arylation reac-
tion of pentafluorophenyl boronic acid with aniline."®”
The optimized reaction was conducted using copper(Il)
acetate as a precatalyst under an oxygen atmosphere
and notably base-free conditions. As shown in
Scheme 70, the cross-coupling reaction was tolerant of
anilines containing aryl rings bearing electron-rich or
electron-poor moieties, and the cross-coupled products
were generated in moderate to good yields. It is
important to note that the reaction failed in the
presence of bases such as Et;N or pyridine, due to the
problematic protodeboronation issue. The reaction also
failed when using a copper(I) precatalyst, such as
copper iodide instead of a copper(Il) catalyst, or in the
absence of oxygen. It should be mentioned here that
aside from the desired cross-coupling products, the
reactions were contaminated by minor byproducts of
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Cu(OAc)2 (20 mol%)

EtOAc 02
time (

I> G
ﬁj Q, I?E Om Ii Q,

j@B(OH)z H,N C

1.5 equiv

70% (5 h) 80% (3 h) 60% (6h
P s7% (12 h) 65% 12h F 60% (24 h)

Scheme 70. Cu(Il)-catalyzed N-arylation of C,FsB(OH), with
anilines.['"™”

protodeboronation and homocoupling of pentafluoro-
phenyl boronic acid. Interestingly, employing alkyl
amines instead of anilines generated N-alkyl-
2,2'3,3'4',5,5',6,6'-nona-fluorobiphenyl-4-amines  in
moderate yields (not shown).

4.4.2. Phosphine-Mediated Chan-Evans-Lam C—N
Cross-Coupling of Fluorinated Aryl Boronic Acids
with Nitrosoarenes

Another option to synthesize unsymmetrical diaryl-
amines is via C—N cross-coupling of aryl boronic acids
with nitrosoarenes. In 2018, Csaky et al. reported the
coupling of aryl boronic acids with nitrosoarenes under
transition  metal-free and neutral (base-free)
conditions."®! Reactions were mediated by P(OEt), in
toluene to generate unsymmetrical diarylamines in fair
to excellent yields at room temperature (Scheme 71).
However, the desired coupling product was not
observed when aryl pinacol boronates or potassium

P(OEY); (1.2 equiv)

toluene rt
45 min

Cr (OH), ONC (1.2 equiv)

1.5 equiv

o o'

90% 89%

‘e H

R N Br n
; & :
O o 1S
'F cl

75%

bae

f IE/‘ H

U0

75%

95% 65%

Scheme 71. Phosphine-mediated C—N cross-coupling of aryl
boronic acids with nitrosoarenes.!'*”
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trifluoroborates were used in place of the boronic acid
analogues. The reaction tolerated sensitive substrates
such as aryl boronic acids containing two ortho-
fluorines, as base-free conditions slowed the decom-
position protodeboronation pathways.

4.5. C—O Cross-Coupling

4.5.1. Challenges in the Chan-Evans-Lam C—O
Cross-Coupling of ortho-Electron-Withdrawing-Sub-
stituted Aryl Boronic Acids and Phenols to Form
Diaryl Ethers

In 1998, Evans et al. reported the synthesis of diaryl
ethers via copper-promoted C—O cross-coupling of
aryl boronic acids with phenols.!'" Reactions were
conducted in the presence of 1 equivalent of [Cu-
(OAc),], 5 equivalents of pyridine using 4 A molecular
sieves in dichloromethane in air at 25°C. Products
were generated in good to excellent yields for aryl
boronic acids bearing electron-donating groups at the
ortho-, meta-, or para-positions (Scheme 72). Reac-
tions were also viable for aryl boronic acids bearing
electron-deficient substituents, such as fluorine, at the
para- or meta-positions. However, the reaction was not
effective if the electron-deficient substituent was at the
ortho-position (7% yield) and the predominant path-
way was, once again, derived from protodeborylation.

4.6. C—C(O) Cross-Coupling

4.6.1. Palladium-catalyzed C—C(0) Cross-Coupling
of Fluorinated Aryl Boronic Acids and N-(Aryl-
carbonyloxy)phthalamides

Aryl ketones are important aromatic compounds that
have found many applications in medicinal
chemistry."! In 2014, Sun et al. reported the C—C(O)
cross-coupling of N-(aryl-carbonyloxy)phthalamides
with aryl boronic acids.!"™ These reactions were
catalyzed by a low loading of [Pd(OAc),] and an NHC
ligand that was formed in situ from a triazole-based

//\
0
U (OH), NHBoc Cu(OAc), (1 equiv)
CO,Me  pyridine (5 equiv)
2 equiv DCM, 25 °C, 4 A sieves NHBoc
ambient atm CO,Me
OMe cp
97% 97% 98% 37% 7%

Scheme 72. Cu-promoted C—O cross-coupling of aryl boronic
acids with phenol derivatives.!"¥
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NHC precursor. As shown in Scheme 73, the reaction
was viable for unstable substrates such as ortho-
fluorinated aryl boronic acids giving moderate to good
yields. Aryl boronic acids bearing other electron-
withdrawing substituents, such as trifluoromethyl
groups, were also effective in this reaction. The
chemistry was extended to N-(alkenylcarbonyloxy)
phthalamides, which coupled with ortho-fluorinated
aryl boronic acids in good yield. The authors proposed
a mechanism which involves the oxidative addition of
N-(aryl-carbonyloxy)phthalamides, followed by trans-
metalation with the boronic acid, and subsequent
reductive elimination to release the cross-coupled
products.

4.6.2. Copper-Catalyzed C—C(0) Cross-Coupling of
Fluorinated Aryl Boronic Acids and Thiol Esters
(Liebskind-Srogl Cross-Coupling)

In 2007, Liebskind et al. reported the copper-catalyzed
cross-coupling of organoboronic acids with thiol esters
in air using 5 mol% of Cu(l)-3-methylsalicylate (Cu-
MeSal) under base-free condition, to generate ketones
as cross-coupled products in moderate to excellent
yields (Scheme 74).'°! It should be mentioned that
previous Liebskind-Srogl cross-coupling reactions re-
quired palladium precatalysts along with stoichiometric

7
L =
@5

R OH o R ‘e O
A
l\O/B.OH + O-N Pd(OAc), (5 mol%) A
Z R— Cs,COj3, toluene Z
0 O 60°C, 12 h
(£ o No2
84% 83% 65%
ICFZO No2 ‘£
‘ ‘ ~OCH, ‘ ' '
63% 87% 82%

Scheme 73. Pd-NHC-catalyzed C—C(carbonyl) cross-coupling
to synthesize diaryl ketones.!'*”!

R1_(O R2
s CuMeSal 5mol%) O g
+ RBOH,——————> I _,+
o DMF, 50 °C, air R' "R
0
NH¢-Bu NHt-Bu
2.5 equiv 10 examples
(50-97%)

Scheme 74. Copper-catalyzed cross-coupling of thiol esters and
boronic acids.!"*"
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amounts of copper(l) carboxylate as a mediator, where-
upon the copper(I) salt was thought necessary to
facilitate the transmetalation step from boron to
palladium.!""” Further investigation suggested that the
copper(I) ion generates a thermodynamically stable
Cu—SR species. Liebskind intuitively realized that this
Cu—SR bond could be activated in the presence of the
second equivalent of the organoboronic acid, thus
generating a catalytically-active Cu(l) species.

The catalytic mechanism was proposed based on
the presence of O,, which initially led to oxidation of
Cu(I) to Cu(II)/(IIT) (Scheme 75, stage 1), followed by
coordination of the organoboronic acid and the release
of the cross-coupled product (Scheme 75, stages 2 and
3). Finally, the Cu—SR bond is activated in the
presence of an excess of the organoboronic acid, thus
regenerating the Cu(l) intermediate and continuing the
catalytic process (Scheme 75, stage 4).

This reaction was effective for a wide range of aryl
boronic acids that are not stable to basic conditions,
including those containing ortho-fluorine
substituents."®”! The scope of this study was expanded
to include the synthesis of peptidyl ketones, which are
important compounds in the development of molecular
therapeutics (Scheme 76). This reaction also proved
successful using ortho-brominated aryl boronic acids
without effecting the bromide substituent. Notably, the
authors mentioned that neither the formation of
oxidative homocoupling products of the aryl boronic
acids nor the racemization of the monopeptidyl ketones
was detected.

\\O_
3\“0_
stage 1

NHR'

B O Cu“"”
NS LN
e g
o™ % /&
= \\O_ % 2|
o) /& -\O\CUII/III R*B(OH),
J\ stage 3 H
R'” "R? | O\

stage 2
+ o} V,’ >\\
%O—B(OH)Z

Scheme 75. Proposed mechanistic pathway for the copper-
catalyzed cross-coupling of thiol esters and boronic acids in
aerobic conditions."*!
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CuMeSal (0] F
R’IHNj)]\ Ho /O 20 mol%) R'HN // il
DMF, 23 °c ;2 X |
O” " NHiPr

air, 0.5-24 h
2.5 equiv

o (E o I

BocHNj)K@ CbzHN
Bn

IZ
-n

94% 97%

>99% ee >99% ee

o (F o (B

CbzHN e CbzHN O
O T (F; O I
N
H

92%
>99% ee

7%
>99% ee

Scheme 76. Copper-catalyzed cross-coupling of peptidyl thiol
esters and boronic acids, where Sal = 3-methylsalicylate.!'"”

4.7. C—C(alkyne) Cross-Coupling

4.7.1. Copper-Catalyzed Oxidative Cross-Coupling of
Fluorinated Aryl Boronates with Terminal Alkynes

Marder and Radius et al. reported that a combination
of [Cu(OAc),] with phenanthroline effectively cata-
lyzed the oxidative cross-coupling of highly fluori-
nated aryl-Bpin compounds with terminal alkynes
under mild conditions.!"® The reaction of pentafluor-
ophenyl-Bpin with ethynylbenzene using 1.8 equiva-
lents of Ag,0O as the oxidant and 2 equivalents of
K;PO, gave the homocoupled alkyne compound as the
major product (Scheme 77). Interestingly, the use of
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) re-
duced the amount of alkyne homocoupling and
increased the desired cross-coupled product. The
authors proposed that DDQ functions as an electron-
transfer mediator. Using K,COj; as the base proved the
most efficient and gave cross-coupling products in
good yield.

F F
F‘Q*Bpin Cu(OAc), (15 mol%) F F
F . phen (15 mol%) = . _
. Ag,0 (1.8 equiv) FA =—Ph+Ph—="17 + CF5-CeFs
H—=—Ph additive, base (2 equiv) F F
DMF, 40 °C,12 h
additive base yield
KsPO, 35% ; 52% ; 8%
DDQ (40 mol%) KsPOs 58% ; 5% 8%
DDQ (40 mol%) K2CO3 82% j 3% 4%

Scheme 77. Optimization reaction of copper-catalyzed oxida-
tive cross-coupling of fluorinated aryl-Bpin with terminal
alkynes.!'*®!
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A number of polyfluorinated aryl-Bpin compounds
containing ortho-fluorine substituents proved to be
viable substrates under these reaction conditions and
gave rise to the corresponding cross-coupled products
in moderate to good yields. This reaction was also
successful using electron-deficient ethynylbenzenes
bearing bromine, chlorine, and fluorine groups at the
para-position (Scheme 78). Unfortunately, no desired
products were observed for reactions with 4-nitro-
phenyl and 4-cyano-phenylalkyne (not shown).

5. Conclusion and Perspective

As naturally occurring sources of aryl fluorides have
not yet been identified, this class of molecules must be
generated through chemical synthesis. Fluorinated aryl
boronates, important synthons for the generation of
these important fluoroarenes, can be synthesized in
stoichiometric or catalytic processes using different
methods, such as C—H, C—F, and C—X (X=Cl, Br, I,
OTf) borylations. Under aqueous basic conditions,
protodeboronation of fluorinated aryl boronic acids can
be problematic only if the aromatic group contains
ortho-fluorine substituents. Pentafluorophenyl boronic
acid combines di-ortho-, di-meta-, and para-fluorine
substituent groups that promote the protodeboronation
and it is by far the most challenging substrate to be
applied in organic synthesis. This protodeboronation
issue has now been solved in many cases, and thus
polyfluorinated aryl boronates, especially those con-
taining ortho-fluorine substituents, can be converted to
chlorides, bromides, iodides, phenols, carboxylic acids,
nitro groups, cyanides, methyl esters and aldehyde
analogues. Boron-containing substrates can be imple-

Cu(OAG),/Phen (10 mol%)
DDQ (40 mol%) Fo=

Fr—
@Bpin + H—=Ar

=—Ar
700 (121 8equvy 7
K,COj3 (2 equiv), DMF
40°C,12 h, Ar
FF F F FF
L= = =
F F F
85% (X = Br) 899% 83%
60% (X = Cl)
65% (X = F)

Sy Sy

80%
(80°C)

=0 =0

2% 86%

=0 O=0

85% 65%
(80 °C, base = +-BuOLi) (80°C)

Scheme 78. Scope of the copper-catalyzed oxidative coupling
of polyfluorophenyl with terminal alkynes.!"*
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mented in many cross-coupling reactions, such as in
the Suzuki-Miyaura cross-coupling with aryl halides,
the Chan Evans-Lam C—N cross-coupling with aryl
amines or nitrosoarenes, C—C(O) cross-coupling reac-
tions with N-(aryl-carbonyloxy)phthalamides or thiol
esters (Liebskind-Srogl cross-coupling), and the oxida-
tive cross-coupling with terminal alkynes. The difficult
reductive elimination step from highly stable com-
plexes of the type [PdL,(2,6-C¢F, ,Hs.,),] frequently
impedes these reactions and is the next challenge to be
addressed in the homocoupling of 2,6-di-fluorinated
aryl pinacol boronates. Progress has been made in this
area by employing arene solvents and non-coordinating
ligands. Future work will certainly focus on using
economically and less toxic methodologies to generate
this remarkably useful family of compounds.
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