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Fluorinated organoboron compounds are important synthetic building blocks
that combine the unique characteristics of a fluorinated motif with the versatile synthetic
applications of organoboron moiety. This review article guides the research on fluorinated
organoboron compounds mainly from four aspects in recent years: selective monodefluor-
oborylation of polyfluoroarenes and polyfluoroalkenes, selective borylation of fluorinated
substrates, selective fluorination of organoboron compounds, and borofluorination of alkynes/
olefins. In addition, this review will provide a necessary guidance and inspiration for the
research on the valuable synthetic building block fluorinated organoboron compounds.
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Owing to their intriguing chemical and biological properties,
organofluorine compounds are important to various fields such
as pharmaceutical chemistry, agrochemistry, and materials
science (Scheme 1A).'"* Usually, the fluorine atom can be
regarded as a bioisostere of the hydrogen atom because of their
similar atom radius, thus giving them potential for extensive
applications in medicine. For example, it can effectively delay
the oxidative metabolism of drugs in vivo. Moreover, the highly
electronegative fluorine atom greatly increases the metabolic
stability of the drugs, thus prolonging their curative effect.
Moreover, the participation of fluorine atom or fluorine-
containing groups also increases the lipophilicity of parent
molecules, which can promote the absorption of the drugs. As
a consequence, numerous fluorine-containing drugs such as
antiepileptic, panomifene, S-fluorouracil, halothane, and
favipiravir, etc. have been approved by the FDA (Scheme 1A).

Organoboron reagents play an important role in assembly of
pharmaceuticals, natural products, as well as organic materials
(Scheme 1B).”"™*° Ever since the birth of organoboron
compounds, the research enthusiasm for them has never been
mitigated. For example, Suzuki—Miyaura cross-coupling, one
of the most widely used name reactions, has been extensively
employed in the construction of C—C bonds from C—B bonds
(Scheme 1B)."*™>° Moreover, the C—B bonds can be easily
and efficiently converted into various bonds** ™ such as
carbon—heteroatom bonds (C—0O, C—S, C—N, C—P, C—H/
D, C-Si) and carbon—halogen bonds (C—F, C—Cl, C—Br,
C—I) (Scheme 1B). In addition, a carbon—hydrogen bond can
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be formed via protodeborylation, and carbon—metal bonds can
also be generated in the presence of other organometallic
reagents (Scheme 1B), by which a series of valuable and
intriguing functional groups could be incorporated, making
organoboron compounds very popular synthetic building
blocks. Meanwhile, organoboron compounds are also an
integral part of chemical sensors” (for example, ICT sensor),
materials®” (for example, aminoborane), and drug molecules,*
such as Bortezomib™ (treatment of multiple myeloma) and
Ixazomib® (first oral medication, treatment of multiple
myeloma) (Scheme 1B).

More intriguingly, fluorinated organoboron compounds are
very useful building blocks as they combine the fluorine atom
and the organoboron motifs into the same molecule. Although
such compounds are very valuable in various fields, such as
pharmaceuticals and materials science (Scheme 1C),*>** the
types of fluorine-containing organoboron compounds are not
abundant and their synthetic methods are also very limited.
There are currently four means to prepare such compounds:
(1) selective monodefluoroborylation of polyfluoroarenes and
polyfluoroalkenes, (2) selective borylation of fluorinated
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Scheme 1. (A) Selected Fluorine-Containing Drug
Molecules and Materials Science, (B) Selected Valuable
Boron-Containing Molecules and Their Versatile Synthetic
Applications and (C) Selected Valuable Fluorinated Boron-
Containing Molecules

A. Selected fluorine-containing drug molecules and materials science.
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substrates, (3) selective fluorination of organoboron com-
pounds, and (4) borylfluorination of olefins/alkynes. This
review summarizes the elegant and intriguing progress on the
synthesis of fluorine-containing organoboron compounds in
recent decades from the synthetic point of view and then puts
forward an outlook on the research direction of the
fluoroboron chemistry.

The substrates for selective monodefluoroborylation of
polyfluoroarenes and polyfluoroalkenes mainly include poly-
fluoroarenes, gem-difluoroalkenes, and a/p-trifluoromethyl
alkenes and other polyfluoro compounds.

Polyfluoroarenes are important building blocks for the
construction of useful organofluorine compounds.'*'® Highly
fluorinated arenes such as hexafluorobenzene often act as
electrophiles to undergo aromatic nucleophilic substitution
(SyAr reaction) with many nucleophiles because the aromatic
ring becomes strongly electron-poor by the inductive effect of
the electron-withdrawing fluorine atoms.'” In addition, they
also undergo C—F bond activation to form various bonds in
the presence of transition metals. The transition-metal-
catalyzed monodefluoroborylation of polyfluoroarenes is an
efficient approach to assemble boron-containing (di/tri)-
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fluorobenzene compounds.”> ™" In 2010, Braun and co-
workers reported an elegant strategy in which a 16-electron
rhodium(I)—boryl complex reacts with fluorinated substrates
such as pentafluoropyridine and perfluoropropene to result in
C—F activation and furnish fluorinated organoboron com-
pounds (Scheme 2(I)),” although the substrate scope is

Scheme 2. Rh-Catalyzed Monodefluoroborylation of
Polyfluoroarenes
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limited to the pyridine ring. In 2015, the same group
developed a C—F bond activation by employing a rhodium-
(I)—boryl complex to generate 2-Bpin-1,3,5-C4F;H,, 2-Bpin-
1,3-C¢F,H;, and 4-Bpin-C,F,CF; from 1,3,5-trifluorobenzene,
1,3-difluorobenzene, or perfluorotoluene (Scheme 2(II)).*°
Substrate scope was extended to common aromatic rings, and a
C—H bond activation product could also be yielded in this
reaction. In the same year, a rhodium-catalyzed ortho-selective
monodefluoroborylation of N-heterocycle-substituted poly-
fluoroarenes was disclosed by Zhang’s group (Scheme
2(111)).*” This transformation is compatible with a wide
range of substrates and provides a flexible method to prepare
photoelectronic borylated fluoroarenes. In addition, prelimi-
nary mechanistic studies revealed the involvement of a Rh(III/

https://doi.org/10.1021/jacsau.1c00129
JACS Au 2022, 2, 261-279


https://pubs.acs.org/doi/10.1021/jacsau.1c00129?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00129?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00129?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00129?fig=sch2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

V) catalytic process (Scheme 2(II)). First, [Rh'L,]BF,
undergoes oxidative addition with B,pin,, generating a trivalent
rhodium boryl complex A, which then reacts with toluene to
form a Rh—H species B. Oxidative addition of B with another
molecule of B,pin, results in a pentavalent rhodium—boron
species C. Subsequently, a boryl-assisted transition state D is
involved in the process, which facilitates the generation of
fluoroarylrhodium complex F along with the release of F-Bpin
species E. Finally, with reductive elimination of F, the final
product G is formed and the catalyst B is regenerated
simultaneously. Compared to the above-mentioned meaningful
works by Braun, Zhang’s work presents a broader substrate
scope.

Subsequently, a Ni-catalyzed defluoroborylation of mono-
fluoroarenes was reported Hosoya’s group”” and Martin’s
group®” in 2015. One year later, an efficient N-heterocyclic
carbene (NHC)—nickel-catalyzed selective monodefluorobor-
ylation of polyfluoroarenes was disclosed by Radius and co-
workers,*’ as well (Scheme 3(I)). Various partially fluorinated
arenes were converted into their corresponding boronate esters
in this strategy. The reaction mechanism is proposed in

Scheme 3. Ni-Catalyzed Selective Monodefluoroborylation
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Scheme 3(I): [Ni(IMes),] A and the fluoroarene undergo an
oxidative addition of the C—F bond to form trans-[Ni-
(IMes),(F)(Ar")] B. Subsequently, the complex B reacts with
[NMe,]-[B,pin,F] through boryl transfer to provide trans-
[Ni(IMes),(Bpin)(Ar*)] C and [NMe,]*[F,Bpin]~. A final
reductive elimination step (e.g, after ligand elimination from a
three coordinate species as indicated in Scheme 3(I) or after
cis/trans isomerization of the boryl complex) provides the
borylated fluoroaromatic Ar"-Bpin and regenerates [Ni-
(IMes),] A to complete the catalytic cycle.

In 2018, Marder and co-workers'' reported a highly
selective and general photocatalytic C—F borylation strategy
that employs a rhodium biphenyl complex as a triplet sensitizer
and a nickel catalyst for the C—F bond activation, leading to a
defluoroborylation process. Various polyfluoroarenes are
converted into corresponding borylation products in moderate
to good yields (Scheme 3(II)). Mechanistic studies revealed
that the exceptionally long-lived triplet excited state of the Rh—
biphenyl complex as the photosensitizer allows for efficient
triplet energy transfer to trans-[NiF(ArF)(IMes), ], which leads
to the dissociation of one of the NHC ligands.*'

For the assembly of fluorinated boron-containing compounds,
selective monodefluoroborylation of gem-difluoroalkenes is an
efficient and general approach. Cu-catalyzed regio- and
stereoselective monodefluoroborylations of gem-difluoroal-
kenes with diboron reagents were achieved by Cao,*
Ogoshi,43 Wang,44 Ito,"*® and others®’ (Scheme 4, top),
rendering various a-fluoroalkenyl borates. More specifically, in
2017, Ogoshi and co-workers developed a practical synthetic
method for borylated fluoroalkenes via copper-catalyzed
monodefluoroborylation of polyfluoroalkenes.* This approach
has been successfully applied to a wide range of substrates,
such as (difluorovinyl)arenes, tetrafluoroethylene (TFE),
(trifluorovinyl)arenes, and trifluoromethylated monofluoroal-
kenes (Scheme 4, middle). In addition, this strategy might
facilitate the development of valuable functional molecules in
various fields such as drug discovery and materials science.

The proposed mechanism for this selective monodefluor-
oborylation of gem-difluoroalkenes is described in Scheme 4
(bottom).*’ gem-Difluoroalkene first reacts with a catalytically
active species CuL-Bpin A, which is formed in situ in the
presence of base, ligand, and B,pin,, affording alkylcopper(I)
species B via 1,2-addition. Rotation of the C—C single bond in
alkylcopper(I) species B by +60° results in the formation of
two conformational isomers, C or D. The p-fluorine
elimination of the conformational isomer C provides the
specific (Z)-fluorinated alkenylborate and LCuF. Finally, LCuF
reacts with B,pin, and NaO'Bu to regenerate the active catalyst
LCu-Bpin A to complete the catalytic cycle. On the other
hand, the conformational isomer D is relatively unstable due to
the steric repulsion of bulky Bpin and aromatics; therefore, the
(E)-fluorinated alkenyl borate is not detected.

For selective monodefluoroborylation of a/f-trifluorometh-
yl alkenes, Hoveyda, Zhou, Shi, Ito, and Cao et al. have
disclosed many elegant and intriguing works.”* >’ Specifically,
in 2011, Hoveyda’s group™ discovered an example of the
defluoroboration of a-trifluoromethylstyrene when they
worked on the NHC-Cu-catalyzed hydroboration of 1,1-
disubstituted aryl alkenes, leading to the gem-difluoroallylbor-
onates in modest yields (Scheme Sa). In 2017, an FeCl,-
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Scheme 4. Selective Monodefluoroborylation of gem-
Difluoroalkenes (Top), Copper-Catalyzed Regioselective
Monodefluoroborylation of Polyfluoroalkenes En Route to
Diverse Fluoroalkenes (Middle), and Proposed Mechanism
(Bottom)
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catalyzed borylation/f-fluorine elimination of a-trifluorometh-
yl alkenes was developed by Liu and co-workers,”" in which a
series of substrates, including aryl olefins, alkyl olefins, 1,1-
disubstituted olefins, 1,2-disubstituted olefins, and 1,1,2-
trisubstituted olefins, all gave good results (Scheme Sb). In
2019, a copper-catalyzed monodefluoroborylation of a-
trifluoromethyl alkenes was explored by Cao. The scope of
substrates was further expanded to afford various boron-
containing gem-difluoroalkenes in good to excellent yields
under mild reaction conditions (Scheme 5¢).”**® In addition,
selective monodefluoroborylation of a-trifluoromethyl allenes
was reported by Ito in 2020,* which provided an elegant
method for the synthesis of boryl-substituted gem-difluor-
odienes (Scheme 5d). It is worth noting that, in 2018, Shi>®
and Ito*® independently reported a copper-catalyzed enantio-
selective defluoroborylation of a-trifluoromethyl alkyl alkenes,
leading to a series of enantioenriched gem-difluoroallylboro-
nates (Scheme Se) using ferrocene chiral phosphines as
ligands. Moreover, in the latter one’s work, trisubstituted alkyl
olefins was compatible, whereas aryl olefins were all
incompatible. In 2019, the Hoveyda group®’ used chiral
NHC-Cu as a catalyst to achieve the asymmetric monode-
fluoroborylation of S-trifluoromethyl alkenes (Scheme 5f).
This transformation features broad substrate scope, mild
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Scheme 5. Selective Asymmetric Monodefluoroborylation of
P-Trifluoromethyl and Difluoromethyl Alkenes as Well as
Rhodium-Catalyzed Formation of 2-Fluoroalkyl-1,3,2-
dioxaborolanes by Catalytic Functionalization of
Hexafluoropropene
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reaction conditions, as well as high reaction efliciency. Based
on the above-mentioned work, Ito and Hoveyda cooperated to
develop an elegant protocol for the diastereo- and
enantioselective assembly of allylic boronates bearing mono-
fluoroolefin in good yields with excellent Z/E selectivity and
enantiomeric ratio (Scheme 5g).58

The common reaction mechanism of monodefluorobor-
ylation is summarized in Scheme Sh. The active Cu-Bpin
complex B is generated from copper species A and B,pin, via
transmetalation under basic conditions. Subsequent addition of
complex B to fluorine-containing alkenes leads to species C or
C’; further cis-f-F elimination of C or C’ delivers the final
product D and D’ along with CuL(F) E, which can undergo
anion exchange with base to regenerate the active copper
catalyst A. In addition, the product D may further be
transmetallized with A to yield species F and its tautomer G,
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which leads to the formation of protonated products H and I,
respectively (Scheme Sh). The occurrence of these side
reactions is particularly evident in the cases of aryl olefins
bearing electron-withdrawing groups.

In addition, there is a unique and smart approach to access
fluorinated organoboron building blocks by C—F activation
reactions. The majority of the reactions which are known to
consist of hydrodefluorinations, although examples of C—F
bond functionalization, in which the fluorine atom is replaced
by a new group to provide higher-value fluorinated
compounds, are very limited. For fluorinated olefins, such a
transformation that involves a stoichiometric or even a catalytic
cleavage of an olefinic C—F bond is very rarely reported. In
2009, Braun’s group developed a unique catalytic process for
the conversion of hexafluoropropene and 1,3,2-dioxaborolane
into Bpin derivatives of trifluoropropane (Scheme 6). This

Scheme 6. C—F Activation at Rhodium—Boryl Complexes
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transformation proceeds at room temperature in quantitative
NMR vyields. The mechanistic studies indicated the involve-
ment of a rhodium(I)—boryl species in most of the C—F bond
activation steps. The resting state of the catalysts assumed the
following composition of rhodium(III) complex fac-[Rh-
(H),(Bpin)(PEt;);]; by reductive elimination of HBpin.””

Recently, reactions involving boryl radicals as important
intermediates have been found to proceed through well-
defined mechanisms, enabling pertinent molecular trans-
formations.””®" Especially, NHC-boryl radicals have been
widely investigated and were proven to be a class of powerful
reactive sgecies that allows various significant synthesis®* and
catalysis.”” Originating from the robustness of the C—F bond
and the lack of an eflicient catalytic system, direct C—F bond
borylation of polyfluoroarenes that generate fluorinated
organoboron compounds remains challenging. However,
some examples on the construction of fluorinated organoboron
compounds via radical-promoted monodefluoroborylation
have been regorted in recent years (Scheme 7).°7%° For
instance, Wu®* and co-workers reported a photocatalytic
defluoroborylation strategy by direct B—H activation of N-
heterocyclic carbeneboranes, which facilitated by the syner-
gistic merger of a photoredox catalyst and a hydrogen atom
transfer catalyst. This transformation features mild reaction
conditions, high atom economy, and simple operation
(Scheme 7a). Similarly, Yang’s group also reported an elegant
photoinduced single-electron transfer (SET) process for direct
B—H bond activation to access fluorinated organoboron
compounds (Scheme 7b).%° This new method makes full use
of the advantage of photoredox catalysis to provide the boryl
radical via direct activation of a B—H bond. Good functional
group tolerance and high regioselectivity offer this work
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Scheme 7. Radical-Promoted Selective
Monodefluoroborylation of Polyfluoroarenes
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incomparable advantages in deriving a family of valuable
polyfluoroarylboron compounds. Subsequently, in 2020,
Taniguchi®® and co-workers disclosed a radical-promoted
selective monodefluoroborylation of polyfluoroarenes with
the NHC-BH; in the presence of di-tert-butylperoxide
(DTBP) (Scheme 7c). In this work, the C—F bond of
polyfluoroarenes is substituted with an NHC-boryl group to
provide f-aryl NHC-borane derivatives in the absence of
transition metals. This developed synthetic strategy also was
applied to the synthesis of novel borane-containing liquid-
crystalline molecules that have highly thermal stability.*®

In addition to radical-promoted monodefluoroborylation of
polyfluoroarenes,®*~*® photocatalyst-mediated monodefluoro-
borylation of gem-difluoroalkenes and trifluoromethylalkenes is
also reported as an alternative method. Wu and co-workers
realized the defluorination of gem-difluoroalkenes and trifluor-
omethylalkenes (Scheme 7d,e).®* At almost the same time,
Yang and co-workers achieved the selective monodefluorobor-
ylation of trifluoromethylalkenes when they studied the
selective hydroboration of olefins under the efficient trans-
formation conditions (Scheme 7f).°” The above-mentioned
two protocols feature broad substrate scope. Moreover, Wang’s
group has reported a monodefluoroborylation of trisubstituted
trifluoromethylalkenes in the presence of visible light, resulting
in fluorinated organoboron compounds with the boryl group at
the a-position of the electron-withdrawing groups (Scheme
7g).68 Mechanistic studies showed the oxidative formation of
NHC-boryl radicals through a SET process in this reaction. In
addition, this method is operationally simple and exhibits
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broad substrate scope. In 2020, Liu and co-workers also
disclosed similar conversion in the presence of visible light.
Compared to Wang’ work,%® substrates with trisubstituted
olefins and without the electron-assisted group assistance are
compatible in Liu’s reaction system (Scheme 7h).®” This
transformation features broad substrate scope, good functional
group compatibility, as well as late-stage modifications of
structurally complex compounds. Those photoredox catalytic
modes of operation open up new avenues for the synthesis of
densely functionalized organoborons.

Selective borylation of fluorination substrates mainly includes
the addition reaction of fluoroolefins, the C—H borylation of
fluorinated arenes, the reactions of trifluorodiazoalkanes with
organoborons, the ring-opening borylation of trifluoromethyl-
conaining oxirane, the radical hydroboration of fluoroolefins,
and other borylations of fluorinated substrates in this
perspective.

Commercially available halogenated boron and borane
compounds (BX;, HBX,, H,BX, H;B) act not only as Lewis
acid but also as a boron source in some reactions. Therefore,
the construction of fluorinated organoboron compounds is
popular using such reagents as the boron source. In 2001,
Ramachandran’’ and co-workers reported a Markovnikov
hydroboration of fluoroolefins using Lewis acid HBCL,/HBBr,
as the boron source for the construction of a-fluorinated
alcohols via a-fluorinated boron-containing reaction inter-
mediate generated in situ in this process (Scheme 8a). This
hydroboration of substituted fluoroolefins presented a rare
example of the formation of tertiary alcohols by stoichiometric
hydroboration—oxidation. This transformation features ex-
cellent regioselectivity. Moreover, it is presented that this
regioselectivity does not entirely depend on the electronic
effect of the fluoroolefins. The ligand-regulated rhodium-
catalyzed regioselective hydroboration of fluoroolefins was also
achieved by the same group,”’ in which both a- and f-
fluorinated alcohols were obtained after oxidative treatment
(Scheme 8b). This transformation also exhibited the
controlling of the regioselectivity of the Markovnikov and
anti-Markovnikov products via Rh-catalyzed hydroboration
with catecholborane at low temperatures. Based on their
previous work, they disclosed an asymmetric hydroboration of
polyfluoroaryl olefins through the induction of chiral ligands
for the preparation of fluorinated a-phenethanols’* (Scheme
8¢).

In 2017, a copper-catalyzed borylation of f-trifluoromethyl-
a,p-unsaturated ketones with B,pin, was developed by Yu’s
group.”” The asymmetric studies were also achieved through
the induction of chiral ligands, providing a series of chiral a-
trifluoromethylated boronates in good yield with high
enantioselectivities (Scheme 8d). However, substrates with
large steric hindrance did not proceed smoothly under this
reaction system. Subsequently, Zhang’s group also reported a
highly enantioselective Cu(II)-catalyzed borylation of f-
trifluoromethyl f,B-disubstituted enones, providing a facile
access to a broad of chiral alkylboronic esters with a quaternary
stereocenter including both a trifluoromethyl group and a
boron group.”* Compared to the previous work, this process
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Scheme 8. Regioselective Hydroboration of Fluoroolefins
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greatly broadened the substrate scope and improved the yields
and enantiomeric excess (ee) values via carefully modifying the
ligand (Scheme 8e). Meanwhile, CFj-containing tertiary
alcohol derivatives were obtained in high yield, with the ee
value maintained via an one-pot methodology.

CF;-containing 1,3-enynes are one type of simple and easily
available synthetic blocks, and the borylation of 1,3-enynes has
been e);plored well (Scheme 9). For example, Xu and co-
workers’” have developed the asymmetric protoborylation of
2-trifluoromethyl 1,3-enynes, giving chiral CF;-containing
homoallenylboronates in good yields with excellent regiose-
lectivity and stereoselectivity (Scheme 9a). This work also
provides a general approach to construct optically active
homoallenylsilanes and homoallenylboronates in moderate to
excellent yields with high enantiomeric excess using novel
designed chiral bisoxazoline ligands. Meanwhile, the trans-
formations of homoallenylsilanes and homoallenylboronates
were also studied to synthesize valuable building blocks.
Moreover, a ligand-controlled copper-catalyzed 1,2- or 1,4-
protoborylation of 2-trifluoromethyl-1,3-enynes were realized
by Cao’® (Scheme 9b,c), in which the borylation of
unsaturated C—C bonds (allenes and alkynes) was achieved.
Moreover, this transformation features broad substrate scope
and simple operations.

Diﬁerin% from the common monoborylation of 1,3-
enynes,”’® our group’” has realized a Cu-catalyzed regio-
and stereodivergent chemoselective diboration of CF;-
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Scheme 9. Copper-Catalyzed Borylation of CF;-Containing
1,3-Enynes
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containing 1,3-enynes, giving a series of (E)-1,3-, (Z)-1,3-, and
(Z)-1,4-diborylated olefins with the CF; group intact (Scheme
9d). The regulation of different bases afforded Z/E stereo-
selectivity for 1,3-diborylated olefins, and different P ligands
determined the 1,3- and 1,4-regioselectivity. Mechanistic
studies suggested that the CF; group on the alkene moiety
plays a key role for the success of these transformations. In
addition, homopropargylic boronates as important intermedi-
ates for (Z)-1,3- and (Z)-1,4-diborylated olefins and
homoallenyl boronates for (E)-1,3-diborylated olefins were
readily obtained by fine-tuning the reaction condition. The
retention of CF; group might benefit from the rapid 1,3-copper
migration of copper propargyl intermediate which is generated
in situ by first Cu-Bpin addition to an alkene moiety via
experimental and theoretical calculations (DFT calculation).””
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Recently, some protocols on C—H borylation of fluorinated
78 1. . . .

arenes,”” which are found widely in pharmaceuticals, agro-

chemicals, and organic materials arenes, have been reported

(Scheme 10). Specifically, Tobisu and Chatani”’ utilized

Scheme 10. ortho-C—H Borylation of Arenes with Fluorine-
Containing Compounds as Directing Groups
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fluorinated arenes as substrates to achieve the ortho-C—H
borylation of arenes and heteroarenes, giving fluorinated
arylboronates in good to excellent yields in the presence of
platinum (Scheme 10a). Notably, this strategy showcases good
tolerance toward steric hindrance and provides rapid access to
a series of polydisubstituted phenylboronic esters, valuable
building blocks for further elaborations. Moreover, in 2015,
Iwasawa’s group realized the ortho-C—H borylation of
fluorobenzene catalyzed by a PSiN—pincer platinum complex
but failed to suppress meta-borylation (Scheme 10b).*" This
protocol clearly discloses the promising utility of the new
PSiN—platinum catalyst in C—H borylation for the first time,
which complements the well-developed Ir and Rh catalysis in
reactivity and regioselectivity. In 2017, a cobalt-catalyzed ortho-
C—H borylation of fluorinated arenes was developed by
Chirik®" (Scheme 10c), which suppressed meta-borylation very
well. Moreover, Cui’” developed a cobalt-catalyzed C—H
borylation of fluorobenzene, although the regioselectivity could
not be well-controlled and meta-borylation became the
dominant path instead.

The reaction between trifluorodiazoalkanes and organoborons
is another approach to prepare fluorinated organoboron
compounds. Molander’s group®” successively disclosed a
metal-free-catalyzed route to a-trifluoromethylated alkylboron
compounds and vicinal bis(trifluoromethylated) alkylboron
compounds in 2013 (Scheme 11(i)). This strategy greatly
enriches the reaction types and simplifies the synthesis of a-
trifluoromethylated alkylboron compounds. Moreover, this is
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Scheme 11. Reactions of 2,2,2-Trifluorodiazoethane with
Organoboron Compounds and Proposed Mechanism
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the first time such compounds were prepared in the absence of
transition metals. In the next year, the same group disclosed
the construction of vicinal bis(trifluoromethylated) alkylboron
compounds using a similar strategy, although only cyclic
arylboroxines can promote successive insertions of 2,2,2-
trifluorodiazoethane (Scheme 11(ii)).** From a perspective of
yields, the second insertion is significantly more difficult than
the first one.

A proposed mechanism is shown in Scheme 11(ii). 2,2,2-
Trifluorodiazoethane A is generated in situ from 2,2,2-
trifluoroethylamine and sodium nitrite, which gives its
resonance structure B. The extremely electron-deficient
organoboron compound C is attacked by B, resulting in an
intermediate D. 1,2-Metalate shift of D leads to the product E
(1:1 adduct) along with the release of nitrogen gas. The
insertion of 2,2,2-trifluorodiazoethane (A) into product E will
further give the product F (2:1 adduct).

Moreover, transition-metal-catalyzed and biocatalytic reac-
tions yielding fluorine-containing organoboron compounds
have been reported recently. For example, a copper-catalyzed
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insertion of 2,2,2-trifluorodiazoalkanes into B—H bonds has
been reported by Gouverneur® and co-workers (Scheme
11(iii)), which rendered the a-trifluoromethylated boranes in
moderate yields. Asymmetric insertion reactions of diazoesters
were also furnished with BOX ligands in this reaction system.
This transformation enables the synthesis of a large collection
of novel and useful chiral CF;-substituted molecules. However,
the asymmetric reaction for this compound was not isolated in
excellent enantioselectivity (81% ee, Scheme 11(jii)). Differing
from the reaction mechanism in Molander’s work, the
deliverables of the copper—carbenoid Int-1 originating from
the substrates G, H, and Cu catalysis might be formed. Then,
the attack of the boron complex to the carbenic carbon atom
gives Int-2, from which the target product I was afforded along
with CuL* (Scheme 11 (iii)).*® Alternatively, Arnold’s
group””® reported the assembly of chiral a-trifluoromethy-
lated organoborons, an important class of organofluorine
molecules that contains stereocenters and bears both CF; and
boron groups, via a biocatalytic insertion into B—H bonds of
H;B-NHC with 2,2,2-trifluorodiazoalkanes (Scheme 11
(iv)).* The Fe element in the enzyme could form the Fe—
carbene intermediate with the trifluoro-containing dizao
compounds and NHC-BHj in this reaction system. Computa-
tional modeling suggests that the enzyme can provide stereo/
enantioselectivity, thereby making diazo compounds with
diverse structural features proceed in this transformation.
This biocatalytic platform for construction of chiral a-CF;
organoborons expanded the scope of carbene intermediates
generated from heme proteins and provided new mechanistic
insights into enzymatic carbene transfer reactions.*®

Chiral allylboronic acids are ideal reagents for asymmetric
synthesis due to thelr high reactivity in self-catalyzed
allylboration reactions.”®> However, the construction of those
compounds has been an unmet challenge in organic synthesis.
Recently, Szabo and co-workers developed a novel approach to
afford chiral a-substituted CF;-containing allylboronic acids by
asymmetric homologation of alkenylboronic acids with CF;-
diazomethanes in the presence of BINOL catalyst and ethanol
(Scheme 11(v)).* This process is realized using alkenylbor-
oxine J and trifluoromethyl diazomethane K as reagents in the
presence of a catalytic amounts of BINOL and stoichiometric
amounts of EtOH to generate intermediate L. Subsequently,
intermediate L reacted with DanH to from the target products
M in moderate to good yields with high ee value. In this
reaction, the enantioenriched @-CF; allylboronic acids
obtained readily undergo in situ allylboration with aldehydes
or can be converted to the corresponding allylic alcohols with
high levels of chirality transfer. In addition, the purified chiral
fluorinated boronic esters and diaminonaphthylboronamides
are very reactive and highly stereoselective reagents in the
allylation of ketones, imines, and indoles.

In 2001, Shimizu’s’’ group developed a novel and stereo-
selective route for the synthe51s of CF;-containing tetrasub-
stituted alkenylborates”" by dechlorination of gem-dichlor-
oalkanes in the presence of "BuLi and using B,pin, or
(dimethyphenysilyl) (pinacolato)borane (PhMe,SiBpin) as the
organoboron reagent (Scheme 12(i)). At first, intermediate B
was generated from complex B’, which was derived from the
transformation of dichloroalkane A and "BuLi. Subsequently,
the B reacted with an organoborane (B,pin, or PhMe,SiBpin)
stereospecifically to give CFj;-containing tetrasubstituted
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Scheme 12. (i) Dechlorination—Carboboration of gem-
Dichloroalkanes and (ii) Ring-Opening Lithiation—
Borylation of 2-Trifluoromethyl Oxirane
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alkene C (E/Z = 98:2) or D (E/Z = 3:97) in moderate yields.
The selectivity in the formation of C is determined during the
elimination of one of the diastereotopic Bpin groups of the
gem-diboron intermediate, whereas the selectivity in the
formation of product D is due to the stereospecific reaction
of diastereomerically enriched B to form a gem-silylboronate
intermediate. Consequently, the stereoselectivity of this
reaction is controlled well. Moreover, Aggarwalgz’93 and co-
workers reported an elegant and intriguing route to versatile
tertiary a-trifluoromethylated boronates in modest yields via a
ring-opening lithiation—borylation of 2-trifluoromethyl oxirane
in 2020 (Scheme 12(ii)).”* For the reaction mechanism, first,
lithiation—borylation of 2-trifluoromethyl oxirane with an
organoboronic ester in the presence of LDA (lithium
diisopropylamide) leads to a boronate complex A’, which is
activated by TESOTS (triethylsilyl trifluoromethanesulfonate)
to yield the boronate species B’ or C’ and then undergoes a
1,2-shift to render D’ or E’ via C-migration or O-migration,
respectively.

In addition to boron-radical-promoted monodefluoroboryla-
tion of polyfluoroarenes that provides fluorinated boron-
containing compounds, the addition of a boron radical to
fluoroolefins is an alternative and good approach. A
regioselective radical hydroboration of gem-difluoroalkenes
was successfully achieved to construct a-difluoroalkyl borons
by Wang and Zhang’s group’ in 2019 (Scheme 13a), which
can undergo hydrofluoro elimination under the activation of
KO'Bu, leading to a-fluoroalkenyl borons (Scheme 13a). The
transformation features broad substrate scope, excellent
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Scheme 13. (a,b) Regioselective Radical Hydroboration of
gem-Difluoroalkenes and (c) Regioselective Radical
Hydroboration of Trifluoromethylalkenes

a) . ACCN (20 mol %)
MeOOCCH,SH (20 mol %
NE + NHC-BH,-CN BH(CN)-NHC
95°C, 15 h F

)
F
R = Ar, CO,R",CO,R? R'=H, Me

52%-83% yield
ACCN = 1,1"-azobis(cyclohexanecarbonitrile

b
) F AIBN (20 mol %)
CgH19C(CH3),SH (20 mol %)
ZNE 4+ NHC-BHj BH,-NHC
80 °C, 10-36 h =
F
0/ _i 0 H
R'=H, Me, Et 46%-90% yield

3

CF
BHZ—NHC

AIBN (20 mol %)

PhSH (20 mol %)

[
) CF4
r/* + NHC-BH;

80°C,12h
50%-99% yield
CF3 HO. CF3 CF3
O/\Eli/HZ-NHC BH,-NHC CImZ_NHC

67% 50%

CF3 CFS
BH,-NHC BHy-NHC

61%

99%

CF3
6

7%

MeO
93%

Possible reaction mechanism for the above transformations:

R? )
R2 R
initiator . RVK/Rf R thiol R
NHC-BH; — NHC-BH, ‘;‘ R)-\( LY
A i ii)
i) radical addition; ~B~ BH,-NHC
) H'p NHC E

i) hydrogen atom transfer

regioselectivity, and good functional group capability. Mech-
anistic investigation suggests that the a-selectivity was derived
from the kinetically and thermodynamically more favorable a-
addition step by DFT calculations.”* Additionally, Wang and
Liu’s group ~ also reported a transformation with aryl gem-
difluoroalkenes using AIBN (2,2'-azobis(2-methylpropioni-
trile)) as the radical initiator (Scheme 13b). This reaction
features operational simplicity, high atom economy, and good
functional group tolerance, enabling an efficient assembly of a
wide range of a-difluorinated alkylborons and alkylsilanes in
moderate to good yields under mild reaction conditions.

Moreover, in 2019, a regioselective radical hydroboration of
various electron-deficient CF;-containing alkenes was de-
scribed by Wangs group by employing an NHC-boryl radical
(Scheme 13c).”® This transformation proceeds with exclusive
a-regioselectivity, affording a broad range of a-borylated
trifluoromethyl molecules in moderate to excellent yields
from readily available starting materials. The above-mentioned
three methods (Scheme 13a—c) are green and sim7ple and
without carbonyl positioning and metal involvement’” to give
rise to addition of boron radical. For the possible reaction
mechanism, first, the boron radical B is generated from NHC-
BH; (A) and an initiator (ACCN or AIBN), then radical
addition occurs between fluoroolefins (C) and boron radical B
to give intermediate radical D. Finally, the target product E is
yielded via hydrogen atom transfer with thioalcohol (Scheme
13, bottom).

In addition to the above-mentioned strategies, a common and
classic method for the construction of fluorinated organoboron
compounds is the nucleophilic substitution reaction. For
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example, Ramachandran”~'"* and Zhang'®® et al. reported a

nucleophilic substitution reaction between fluorinated alkenyl
lithium II (which was in situ generated from fluorinated alkene
I and "BuLi) and halogenated alkylborates (III), leading to a
series of gem-difluoroallylboronates IV in moderate yields
(Scheme 14a).”®~'°> The nucleophilic substitution of fluori-
nated alkenyl and aryl metal reagents with borates via
transmetalation was also studied, which afforded the fluoro-

Scheme 14. (a—c) Borylations of Fluorinated Alkenyl/Aryl
Metal Reagents, (d) Nucleophilic Fluoroalkylation of
Bromomethyl Boronates with Silicon Reagents, (e)
Homologation of Alkyl Boronic Esters, (f) Homolytic
Substitution of Haloarenes, and (g) Selective Dual C—H/
C—B Borylation of Haloarenes
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substituted alkenyl and aryl boronates or boron acid'*~'"
(Scheme 14b,c).

In 2013, Dilman and co-workers'®® disclosed a reaction in
which the bromomethyl boronates reacted with fluorine-
containing silicon reagents to construct pinacol boronic esters
bearing a fluorinated group at the a-carbon atom (R{CH,Bpin)
by the formation of tetracoordinated boronate salts followed
by a 1,2-metalate shift in the presence of KF (Scheme 14d).
This strategy employed stable and readily available fluorinated
silicon reagents to replace sensitive fluorinated metal reagents,
and a broad range of fluorine-containing organoboron
compounds were procured in moderate yields under mild
reaction conditions.

Based on the previous work, Aggarwal’s group'” reported
the homologation of alkyl boronic esters with fluoroiodo-
methyl lithium generated in situ (Scheme 14e), which is a
divergent, stereospecific reaction of fluoroiodomethyl lithium
with boronic esters to give a-fluoroboronic esters. DFT
calculations on a series of potential fluorinated carbenoids
suggest that fluoroiodomethyl lithium was the optimal reagent
for stereospecific homologation of boronic esters, which can be
converted into CH,F or CHF, groups. The strategy utilizes
commercially available reagent and proceeds under mild
reaction conditions with excellent stereocontrol.

Substitution reactions, such as homolytic substitution and
aromatic nucleophilic substitution reaction (SyAr), of fluorine-
containing haloarenes with boron reagents are simple and
common routes to prepare fluorinated organoboron com-
pounds. In 2016, Larionov and co-workers developed a simple
metal- and additive-free photoinduced borylation of haloarenes
(Scheme 14f).""" Reaction of haloarenes with tetrahydrox-
ydiboron or B,pin, processes in methanol/CH;CN under
ultraviolet irradiation (4 = 254 nm) produced phenylboronic
acid in moderate to good yields after 3—24 h at 20 °C (Scheme
14f). Regrettably, the reaction mechanism was not confirmed
in detail by experiments and other means. Next, the same
group reported a similar photoinduced dual C—H/C-X
borylation of chloro-, bromo-, and iodoarenes in the absence
of transition metals.

The regioselectivity of the dual C—H/C—X borylation is
determined by the solvent and the substituents in the parent
haloarenes (Scheme 14g).111 Compared to the previous work,
a possible reaction mechanism was proposed (Scheme 14g).
Photoinduced hemolysis is very efficient for haloarenes V in
low and medium polarity solvents to form intermediate VI.
The initial homolytic substitution at B,pin, with the photo-
generated aryl radical VI generated PhBpin radical. Then, the
1,3-diborylation or 1,2-diborylation process took place via the
stabilization of the radical intermediate VIII or IX by
conjugation with the boryl group.

9

Organoboron compounds, as a popular synthetic building
block, have been widely e:g)lored by converting boryl moieties
into fluorinated groups.''”~"*" However, the use of a boryl
moiety as a directing group to selectively introduce fluorinated
functional groups into substrates is still underdeveloped.
Selective fluorination of organoboron reagents to prepare the
fluorinated organoboron compounds is a popular route for
chemists. In 2016, the assembly of halorinated and
trifluoromethylated a-boryl ketones via a one-pot oxidative
difunctionalization of alkenyl MIDA boronates was disclosed
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by Wang and co-workers (Scheme 15a,b)."**'** This strategy
combines the fluorine-containing groups, boryl group, and

Scheme 15. Selective a-Fluorination and
Trifluoromethylation of Alkenyl MIDA Boronates and
Proposed Mechanism
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carbonyl group into the same one molecule, partially
addressing the challenge of constructing densely functionalized
organoborons. In addition, this approach can also achieve the
selective 1,2-halohydroxidation of alkenyl N-methyliminodia-
cetyl (MIDA) boronates, such as iodination, bromination, and
chlorination with corresponding halogenating reagents. The
generality of this transformation was extensively investigated,
and it is attractive due to readily accessible starting materials
(Scheme 15ab). The proposed mechanism of this trans-
formation is depicted in Scheme 15. For a-monofluorinated a-
boryl ketones (Scheme 15a’), alkenyl boronate A is oxidized to
radical cation B by a single-electron transfer process, which can
attract the fluorine atom from Selectfluor to carbon cation C.
Carbon cation C is hydrolyzed to fluoroalcohol D, which is
further oxidized to product E. For a-trifluoromethylated a-
boryl ketones (Scheme 15b’), NaSO,CF,; is oxidized to #CF,,
which participates in the radical addition onto alkenyl boronate
A’, resulting in benzyl radical B'. Radical B’ is captured by O,
to deliver the peroxy radical C’, which is further converted into
the product D’.

In 2018, Wang’s group developed an expedient strategy for
the selective synthesis of @- and f-difluorinated alkylboronates
via a migratory gem-difluorination of aryl-substituted alkenyl
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N-methyliminodiacetyl (MIDA) boronates using commercially
available Py-HF as the fluorine source and hypervalent iodine
as the oxidant (Scheme 16A)."** Various a- and pf-

Scheme 16. gem-Difluorination of Alkenyl MIDA Boronates
and Reaction Mechanism and an Iodofluorination of
Alkynyl or Alkenyl MIDA Boronates
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difluorinated alkylboronates were successfully prepared in
moderate to good yields under mild reaction conditions within
a short reaction time. Of note, these two types of fluorinated
organoborons are very challenging to prepare, thus this
strategy provides an efficient way to directly access the two
valuable products.

The mechanism for the formation of both a- and p-
difluorinated alkylboronates might involve the phenonium ion
intermediate (Scheme 16A, middle and bottom). Initially,
regioselective 1,2-iodofluorination of alkenyl MIDA boronate I
with PhIF,-HF generated in situ from PIDA and Py-HF yields
the intermediate II. Subsequently, the intramolecular nucleo-
philic attack of the benzene ring results in the C—I bond
cleavage to afford phenonium ion species III. The selective
reattack of the fluoride anion leads to the ring opening of III,
which is accompanied by the 1,2-aryl migration and finally
affords f-difluorinated alkylboronates IV (Scheme 164,
middle). Similarly, the gem-difluorination of 1,1-disubstituted
alkenyl MIDA boronate also undergoes ring opening of
phenonium ion species VI, resulting in 1,2-aryl migration
and the formation of carbocation species VII Based on the
stabilizing effects of boron and fluorine, fluoride reattacks the
carbocation species VII, eventually leading to a-difluorinated
alkylboronates VIII (Scheme 16a, bottom).

In 2020, a regioselective 1,2-iodofluorination of alkynyl and
alkenyl MIDA boronates was developed by Wang and co-
workers, delivering the fluorinated organoborons in good to
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excellent yields (Scheme 16B).'*> Alkynyl or alkenyl MIDA
boronate reacts with an electrophilic iodo source DIH (1,3-
diiodo-$,5-dimethylhydantoin), giving the relatively stable
three-membered halonium cation intermediates. Greater
carbocation character at the -position is expected due to
the hemilabile nature of the MIDA B—N dative bond making
the boron atom an electron acceptor to some extent, leading to
a regioselective fluoride substitution. Also, the bulky nature of
the B(MIDA) moiety may dictate the nucleophilic attack at the
P-position. Therefore, the F anion selectively attacks the j-
position, resulting in a nucleophilic Sy2 ring opening on the
opposite side of the iodine (Scheme 16B). In addition, this
strategy was amenable to gram-scale synthesis, as evidenced by
the excellent yield obtained when multiple millimoles of the
alkynyl or alkenyl substrates were employed in the system.

In addition to the above strategies mentioned, fluorinations/
perfluoroalkylations of boronate complexes via 1,2-migration
generating fluorinated organoboron compounds are intriguing
and alternative methods. In 2017, Studer and co-workers
developed radical polar crossover reactions of vinylboron ate
complexes, in which radical anions underwent radical polar
crossover: a 1,2-alkyl/aryl shift from boron to the a-carbon sp*
center provided fluorine-containing secondary or tertiary alkyl
boronic esters.''" The intermediate B was formed in situ first
via the reaction between boronic ester A and R’Li at low
temperature. Next, alcohol C was obtained by sequential
radical addition and oxidation (Scheme 17(I)). Similarly,
Aggarwal’s group reported that vinyl boronates react with
electron-deficient alkyl iodides in the presence of visible light
to give fluorine-containing boronic esters in moderate yields
(Scheme 17(11))."" For the reaction mechanism, the reaction
proceeds via radical anion intermediate E’ originating from
addition of R radical to E, which undergoes single-electron
oxidation to zwitterionic species E”, triggering a 1,2-metalate
rearrangement to generate the target product F (Scheme
16(I1)). In 2017, the same group utilized Selectfluor as fluorine
source to obtain f-fluoroboronic esters in moderate to good
yields and high diastereoselectivity (Scheme 17(II))."'® The
diastereoselectivity of the reaction is strongly dependent upon
the nature of the electrophiles. Moreover, Morken and co-
workers disclosed a Ni-catalyzed enantioselective conjunctive
coupling with C(sp®) electrophiles, which has only one
example for fluorinated organoboron compounds. The vinyl-
boron ate complexes G reacted with IC,F, (H) to obtain the
fluorinated alkyl halides I in 56% yield along with 50:50 er
value (Scheme 17(IV)).""” Using the same strategies, Renaud’s
group reported an alkyl (fluorine-containing) radical addition
to alkenylboronates that spontaneously undergoes a [1,2]-
metalate shift to achieve fluoroalkylations of boronate
complexes (Scheme 17(V)).'"*

Cyclobutanes are very popular structural motifs that are
finding increasing applications in medicinal chemistry due to
their diverse bioactivities. Aggarwal and co-workers reported
that electrophilic radicals stemmed from alkyl iodides under
visible light irradiation added to the central strained bond of
bicyclobutyl (BCB)—boronate complexes and provided 1,3-
alkyl-disubstituted cyclobutyl boronic esters in good yields and
with full stereospecificity and excellent stereoselectivity
(Scheme 17(VI)).'" There are a limited number of ring-
contraction strategies which transform readily available five-
membered rings into strained four-membered rings. Recently,
the same group developed a photoinduced radical-mediated
ring contraction of five-membered-ring alkenyl boronate

272

Scheme 17. Fluorinations/Perfluoroalkylations of Boronate
Complexes
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complexes into cyclobutanes. The transformation involved
the addition of an electrophilic radical to the electron-rich
alkenyl boronate complex, resulting in an a-boryl radical. Upon
one-electron oxidation, ring-contractive 1,2-metalate rearrange-
ment occurs to provide a cyclobutyl boronic ester (Scheme
17(VII))."*°

In the above-mentioned methods for the construction of
fluorine-containing organoboron compounds, the vinylboron
compounds were always used as reactants. Of note, Studer and
co-workers reported an interesting protocol with which vinyl
boron ate complexes were generated in situ, derived from
enantioenriched boronic esters and vinyllithium. Various
fluorinated a-chiral ketones were constructed with high ee
value in this transformation (Scheme 17(VIII))."*!
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Polyfunctionalization of unsaturated bonds is an important and
practical means of constructing valuable molecules. Naturally,
borofluorination of alkynes or olefins can effectively construct
fluorinated organoboron compounds. However, in-depth
research is highly desirable in this field. In 2018, a
palladium-catalyzed trans-fluoroalkylation—borylation of al-
kynes was developed to fabricate fluoroalkylated alkenylboro-
nates by Zhu'’s group'* (Scheme 18(1)0). This transformation

Scheme 18. Palladium-Catalyzed Difluoroalkylation—
Borylation of Alkynes and Proposed Mechanism
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is effective for both internal and terminal alkynes and provides
a straightforward and streamlined access to functionalized 1,2-
fluoroalkylboronated alkenes in a highly regio- and stereo-
controlled manner. Subsequently, Zhang and co-workers'”’
reported a similar palladium-catalyzed trans-fluoroalkylation—
borylation of alkynes with fluoroalkyl iodides and B,pin,
(Scheme 18(II)). This reaction tolerates a range of
difluoroalkyl iodides and perfluoroalkyl iodides and enable
coupling with a variety of alkynes, including internal and
terminal alkynes, with high efficiency, high functional group
compatibility, and high regio- and stereoselectivities. More-
over, Chaladaj’ group'*® disclosed a resembled Pd-catalyzed
three-component tandem trans-fluoroalkylation—borylation of
terminal and internal alkynes (Scheme 18(III)), in which a
regio- and stereoselective process is easily controlled by a
temperature program. The various fluoroalkyl-substituted vinyl
iodides, vinyl boronates, or olefins are obtained from the very
same complex reaction mixture. The three elegant trans-
formations greatly complement the synthetic methods of
fluoroalkylated alkenylboronates which play an important role
in modern organic synthesis.

The reaction mechanisms of the above-mentioned three
transformations are described in the Scheme 18 (bot-
tom)."**™"*® Initially, the fluoroalkyl radical eRF is initiated
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by a Pd’L along with LPd'T species. Subsequently, the radical
addition of R and alkynes B affords vinyl radical C, providing
a trans-fluoroalkylated alkenyl iodide D and the regeneration of
Pd’. The oxidative addition of Pd’ to D provides the key
intermediate palladium(II) species E, which undergoes trans-
metalation and reductive elimination to yield the fluoroalky-
lated alkenylboronates G and Pd° to complete the second cycle
(Scheme 18).

In 2018, a copper(I)-catalyzed borofluorination of alkynes
was developed to deliver cis-(B-fluorovinyl) boronates by
Sadighi’s group'” (Scheme 19(i)). The classic nucleophilic

Scheme 19. (i) Copper-Catalyzed Borofluorination of
Alkynes and (ii) Dual-Catalysis-Promoted
Boryldifluoroallylation of Alkynes
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addition of alkynes with Cu-Bpin complex provides an alkenyl
copper intermediate, which is captured by NFSI to furnish the
cis-(f-fluorovinyl) boronates.

Moreover, in 2020, a dual-catalysis-promoted boryldifluor-
oallylation of alkynes was developed for the synthesis of boron-
containing skipped gem-difluorodienes by Gong and Fu’s
group®® with high regio- and stereoselectivity (Scheme
19(ii)). This transformation goes through nucleophilic
addition of alkynes, leading to alkenyl copper species A
Meanwhile, the oxidative addition of palladium with
nucleophiles leads to palladium species B. The transmetalation
and elimination occur between A and B in succession,
providing the final boryldifluoroallylation products.

Given the similarity of alkynes and alkenes, difunctionaliza-
tions of olefins have also been developed to construct
fluorinated organoboron compounds. A copper-catalyzed
regioselective borylfluoromethylation of alkenes was disclosed
to afford valuable borylfluoromethylated alkanes in good yields
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with excellent regioselectivity by Qing’s group'”' (Scheme
20(1)). The mechanism is similar to that with alkynes, also via

Scheme 20. (I) Copper-Catalyzed Borylfluoromethylation
of Alkenes and (II) Light-Induced Borofluoroalkylation of
Unactivated Alkenes and Proposed Mechanism

N
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adducts of olefin—boryl—alkyl copper species. The synthetic
application for this system is illustrated through the
derivatization of organoboron products and preparation of
monofluorinated ibuprofen. Based on the urgent requirements
of green chemistry, Studer’s group132 reported a light-induced
1,2-borofluoroalkylation of unactivated olefins without tran-
sition metal in 2018 (Scheme 20(II)). This ground-breaking
radical borylation transformation has greatly enriched the
species and the synthetic methods of fluorinated organoboron
compounds. Various borofluoroalkylation products were
obtained in decent yields under the mild reaction conditions.
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On the basis of control experiments and density functional
theory calculations, the reaction mechanism for this trans-
formation is proposed (Scheme 20 (bottom)). Initially, CF,
is produced by the homolysis of the C—I bond in CF;I under
light induction, which adds to propene to give the secondary
alkyl radical A. Subsequently, the alkyl radical A attacks the
boron atom of B,cat, to form an adduct B. Under the
activation of DMF, B can be spontaneously converted into
intermediate C. After cleavage of the B—B bond, borofluor-
oalkylated product D and DMF-complexed boryl radical E are
provided. The single electron transfer between E and
perfluoroalkyl iodide replenishes ®CF; and finishes the
reaction cycle.

In addition, in 2020, Wang and co-workers designed a stable,
cheap and highly active fluorinating reagent—IMDN-
SO,CF;."*> With these fluorinated reagents, photoinduced
regio- and stereoselective 1,2-fluorocarboborylation of terminal
alkynes and unactivated olefins was developed, which provided
an alternative method for the synthesis of fluorine-containing
organoboron compounds (Scheme 21(i)). Various fluorocar-
boborylation products were obtained in good yield with high
regio- and stereoselectivity. Similarly, for the reactions of
alkynes, the reactants and products are almost the same as
those in the palladium-catalyzed reactions.***’

As is well-known, allylboronates are widely used inter-
mediates which contain both a boryl moiety and a carbon—
carbon double bond."** Perfluoroalkyl radical-induced 1,2-
boron shift of such compounds is a useful tool for the assembly
of fluorinated boron-containing compounds. In 2019, Aggarwal
and co-workers reported an example in which allylboronic
ester undergoes photoinduced 1,2-boron shift with Langlois’s
reagent (CF;—SO,Na), leading to selective transformation of
the more hindered fluorine-containing boronic esters (Scheme
21(ii))."** This transformation demonstrates, for the first time,
a radical 1,2-boron shift under thermodynamic control.
Subsequently, another perfluoroalkyl radical-induced 1,2-
boron shift, enabling 1,2,3- trlfunctlonahzatlon of allylboro-
nates, was developed by Studer'*® and co-workers in 2020,
which afforded synthetically valuable 1,2,3-trifunctionalized
products with the trifluoromethyl group, boryl species, and the
alkynyl (azidyl or alkyl) groups highly ordered assembly into
one molecule (Scheme 21(iii)). The reaction starts with the
radical addition of allylboronates with perfluoroalkyl radical to
produce alkyl radical A. The intramolecular 1,2-boron shift
then delivers a more stabilized alkyl radical B, which is
captured by the radical receptor and eventually provides a
1,2,3-trifunctionalized products (Scheme 21(iii)).

Subsequently, the same group'®” developed a light-induced
1,3,4-trifunctionalization of homoallylmagnesium bromide via
1,4-boron migration, resulting in the fluorinated bisborylal-
kanes, as well as 1,4,5-trifunctionalization of corresponding
substrates via 1,5-boron migration (Scheme 21(iv)). The
corresponding products are obtained in modest to good yield
under mild reaction conditions. The experimental results on
the boron migration were supported by DFT calculations.

Very recently, Song'*® and co-workers reported a photo-
induced weak base-catalyzed synthesis of fluorine-containing
a-haloboronates (Scheme 21(v)). This strategy features mild
conditions and good functional group compatibility. Moreover,
a family of complex alkylboron compounds with fluorine
groups, including a-aminoboron, gem-diboron, a-oxoboron,
and a-thioboron compounds, were effectively prepared via
further derivatization of the fluorine-containing iodoboronic
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Scheme 21. (i) Integrated Redox-Active Reagents for
Photoinduced Regio and Stereoselective

Induced 1,2,3-Trifunctionalization of Allylboronates, (iv)
Fluorinated 1,n-Bisborylalkanes via Remote Radical Boron
Migration, and (v) Photoinduced Weak Base-Catalyzed
Synthesis of a-Haloboronates from Vinylboronates and
Polyfluoroalkyl Halides
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esters. For the reaction mechanism, a weak nucleophile could
reversibly activate the B(sp®) of alkenyl boronate to form a sp*-
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B species F in situ. Addition of radical to the C—C double
bond of F occurs to afford a highly active a-sp>-boron radical
G, which further reacts with the halogen atom of alkyl halide
via SET reduction, followed by the release of an alkyl radical to
produce fluorine-containing a-haloboronate. In addition, it is
limited to R” (R” = H, Me) in substrate D.

Despite the predominant studies on the synthesis of organo-
boron compounds and organofluorine compounds, the
combination of organoboron chemistry and organofluorine
chemistry to access fluorine-containing organoboron com-
pounds are relatively rare and have emerged as very attractive
field. Fluorinated organoboron compounds are very valuable
synthetic building blocks due to the unique properties of
fluorinated groups and the versatile applications of boryl
moieties. This review article will guide the research on
fluorinated organoboron compounds in recent years mainly
from four aspects: selective monodefluoroborylation of
polyfluoroarenes and polyfluoroalkenes, selective borylation
of fluorinated substrates, selective fluorination of organboron
compounds, and borofluorination of alkynes/olefins. In
addition, this review article will promote the fusion of
organoboron chemistry and organofluorine chemistry to a
certain extent.

However, most of the aforementioned strategies are
transition-metal involved transformations, therefore, efficient
and green methods without the aid of transition metals will be
a welcome tactic in this field in the future. Meanwhile, the
known strategies are mainly focused on the construction of
fluorinated monoboronates, and it will be very fascinating if a
more abundant molecular library of fluorinated multiple
boronates could be built, which will greatly increase the
feasibility for elaborations of those compounds as well as
provide more opportunities for pharmaceutical candidates.
Moreover, chemoselective cleavage of multiple C—F bonds to
lead to C—B bonds is still a trouble-maker and will be an
interesting point for this emerging field, in which either
simultaneously cleaving multiple C—F bonds or selectively
cleaving one of multiple C—F bonds will render polyborylated
compounds.

Qiuling Song — Key Laboratory of Molecule Synthesis and
Function Discovery, Fujian Province University, College of
Chemistry at Fuzhou University, Fuzhou, Fujian 350108,
China; Institute of Next Generation Matter Transformation,
College of Materials Science Engineering & Chemical
Engineering, Huagiao University, Xiamen, Fujian 361021,
China; ® orcid.org/0000-0002-9836-8860;

Email: gsong@hqu.edu.cn

Xingxing Ma — Key Laboratory of Molecule Synthesis and
Function Discovery, Fujian Province University, College of
Chemistry at Fuzhou University, Fuzhou, Fujian 350108,
China

Zhijie Kuang — Institute of Next Generation Matter
Transformation, College of Materials Science Engineering &
Chemical Engineering, Huagiao University, Xiamen, Fujian
361021, China

https://doi.org/10.1021/jacsau.1c00129
JACS Au 2022, 2, 261-279


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiuling+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9836-8860
mailto:qsong@hqu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingxing+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhijie+Kuang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00129?fig=sch21&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00129?fig=sch21&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.1c00129

Q.S., X.M.,, and Z.K. wrote and revised the paper and the
reference format.

The authors declare no competing financial interest.

Financial support from the National Natural Science
Foundation (21772046 and 2193103) is gratefully acknowl-
edged, and we thank Zongliang Ou, Puhui Li, and Hejun An in
this group for checking out the manuscript.

(1) Miiller, K.; Faeh, C.; Diederich, F. Fluorine in Pharmaceuticals:
Looking Beyond Intuition. Science 2007, 317, 1881.

(2) Pan, Y; Qiu, J; Silverman, R. B. Design, Synthesis, and
Biological Activity of a Difluoro-Substituted, Conformationally Rigid
Vigabatrin Analogue as a Potent y-Aminobutyric Acid Amino-
transferase Inhibitor. J. Med. Chem. 2003, 46, 5292.

(3) Borvendeg, J. GYKI-13504. Drugs Future 198S, 10, 39S.
(d) Han, R; Sun, Y; Kang, C; Sun, H; Wei, W. Amphiphilic
Dendritic Nanomicelle-mediated Co-delivery of S-Fluorouracil and
Doxorubicin for Enhanced Therapeutic Efficacy. J. Drug Target. 2017,
25, 140.

(4) Chapman, J.; Hill, R;; Muir, J.; Suckling, C. W.; Viney, D. J.
Impurities in Halothane: Their Identities, Concentrations and
Determination. J. Pharm. Pharmacol. 2011, 19, 231.

(5) Furuya, T.; Kamlet, A. S.; Ritter, T. Catalysis for fluorination and
trifluoromethylation. Nature 2011, 473, 470.

(6) O’Hagan, D. Understanding organofluorine chemistry. An
introduction to the C-F bond. Chem. Soc. Rev. 2008, 37, 308.

(7) Purser, S.; Moore, P. R;; Swallow, S.; Gouverneur, V. Fluorine in
medicinal chemistry. Chem. Soc. Rev. 2008, 37, 320.

(8) Wang, J.; Sanchez-Rosello, M.; Acefia, J. L.; del Pozo, C,;
Sorochinsky, A. E.; Fustero, S.; Soloshonok, V. A.; Liu, H. Fluorine in
Pharmaceutical Industry: Fluorine-Containing Drugs Introduced to
the Market in the Last Decade (2001—2011). Chem. Rev. 2014, 114,
2432.

(9) Brahms, D.; Dailey, W. Fluorinated Carbenes. Chem. Rev. 1996,
96, 1585. (k) Kirk, K. L. Fluorination in Medicinal Chemistry:
Methods, Strategies, and Recent Developments. Org. Process Res. Dev.
2008, 12, 305.

(10) Feng, Z.; Min, Q.-Q; Fu, X.-P; An, L.; Zhang, X.
Chlorodifluoromethane-triggered formation of difluoromethylated
arenes catalysed by palladium. Nat. Chem. 2017, 9, 918.

(11) Ge, S.; Chaladaj, W.; Hartwig, J. F. Pd-Catalyzed a-Arylation of
a,a-Difluoroketones with Aryl Bromides and Chlorides. A Route to
Difluoromethylarenes. J. Am. Chem. Soc. 2014, 136, 4149.

(12) Zafrani, Y.; Yeffet, D.; Sod-Moriah, G.; Berliner, A.; Amir, D.;
Marciano, D.; Gershonov, E.; Saphier, S. Difluoromethyl Bioisostere:
Examining the---Lipophilic Hydrogen Bond Donor” Concept. J. Med.
Chem. 2017, 60, 797.

(13) Usta, H.; Facchetti, A.; Marks, T. J. n-Channel Semiconductor
Materials Design for Organic Complementary Circuits. Acc. Chem.
Res. 2011, 44, 501.

(14) Murphy, A. R; Fréchet, J. M. Organic Semiconducting
Oligomers for Use in Thin Film Transistors. Chem. Rev. 2007, 107,
1066. (q) Amii, H.; Uneyama, K. C-F Bond Activation in Organic
Synthesis. Chem. Rev. 2009, 109, 2119.

(15) Pilarski, L. T.; Szabs, K. J. Palladium-Catalyzed Direct
Synthesis of Organoboronic Acids. Angew. Chem., Int. Ed. 2011, S0,
8230.

276

(16) Mkhalid, I. A. I; Barnard, J. H.; Marder, T. B.; Murphy, J. M,;
Hartwig, J. F. C-H Activation for the Construction of C-B Bonds.
Chem. Rev. 2010, 110, 890.

(17) Hartwig, J. F. Regioselectivity of the borylation of alkanes and
arenes. Chem. Soc. Rev. 2011, 40, 1992.

(18) Ros, A; Fernandez, R; Lassaletta, J. M. Functional group
directed C-H borylation. Chem. Soc. Rev. 2014, 43, 3229.

(19) Wang, M.; Shi, Z. Methodologies and Strategies for Selective
Borylation of C-Het and C-C Bonds. Chem. Rev. 2020, 120, 7348.

(20) Miyaura, N.; Yamada, K; Suzuki, A. A New Stereospecific
Cross-coupling by the Palladium-catalyzed Reaction of 1-Alkenylbor-
anes with 1-Alkenyl or 1-Alkynyl Halides. Tetrahedron Lett. 1979, 20,
3437.

(21) Miyaura, N.; Suzuki, A. Stereoselective Synthesis of Arylated
(E)-Alkenes by the Reaction of Alk-1-enylboranes with Aryl Halides
in the Presence of Palladium Catalyst. J. Chem. Soc,, Chem. Commun.
1979, 866.

(22) Das, K. K; Paul, S.; Panda, S. Transition metal-free synthesis of
alkyl pinacol boronates. Org. Biomol. Chem. 2020, 18, 8939.

(23) Kanti Das, K;; Manna, S.; Panda, S. Transition metal catalyzed
asymmetric multicomponent reactions of unsaturated compounds
using organoboron reagents. Chem. Commun. 2021, 57, 441.

(24) Wang, H,; Jing, C.; Noble, A,; Aggarwal, V. K. Stereospecific
1,2-Migrations of Boronate Complexes Induced by Electrophiles.
Angew. Chem., Int. Ed. 2020, 59, 16859.

(25) Diner, C.; Szabé, K. J. Recent Advances in the Preparation and
Application of Allylboron Species in Organic Synthesis. . Am. Chem.
Soc. 2017, 139, 2.

(26) Babuy, K. N.; Massarwe, F.; Reddy, R. R.; Eghbarieh, N.; Jakob,
M.; Masarwa, A. Unsymmetrical 1,1-Bisboryl Species: Valuable
Building Blocks in Synthesis. Molecules 2020, 25, 959.

(27) Miralles, N.; Maza, R. J.; Ferndndez, E. Synthesis and Reactivity
of 1,1-Diborylalkanes towards C-C Bond Formation and Related
Mechanisms. Adv. Synth. Catal. 2018, 360, 1306.

(28) Kim, J.; Ko, K;; Cho, S. H. Diastereo- and Enantioselective
Synthesis of f-Aminoboronate Esters by Copper(I)-Catalyzed 1,2-
Addition of 1,1-Bis[(pinacolato)boryl]alkanes to Imines. Angew.
Chem., Int. Ed. 2017, 56, 11584.

(29) Larouche-Gauthier, R; Elford, T. G; Aggarwal, V. K. Ate
Complexes of Secondary Boronic Esters as Chiral Organometallic-
Type Nucleophiles for Asymmetric Synthesis. J. Am. Chem. Soc. 2011,
133, 16794

(30) Namirembe, S.; Morken, J. P. Reactions of organoboron
compounds enabled by catalyst-promoted metalate shifts. Chem. Soc.
Rev. 2019, 48, 3464.

(31) Bull, S. D.; Davidson, M. G.; van den Elsen, J. M. H.; Fossey, J.
S.; Jenkins, A. T. A,; Jiang, Y.-B.; Kubo, Y.; Marken, F.; Sakurai, K;
Zhao, J.; James, T. D. Exploiting the Reversible Covalent Bonding of
Boronic Acids: Recognition, Sensing, and Assembly. Acc. Chem. Res.
2013, 46, 312.

(32) Mellerup, S. K; Wang, S. Boron-based Stimuli Responsive
Materials. Chem. Soc. Rev. 2019, 48, 3537.

(33) Fernandes, G. F. S.; Denny, W. A.; Dos Santos, J. L. Boron in
Drug Design: Recent Advances in the Development of New
Therapeutic Agents. Eur. ]. Med. Chem. 2019, 179, 791.

(34) Markham, A. Tavaborole: First Global Approval. Drugs 2014,
74, 155S.

(35) Teltewskoi, M.; Panetier, J. A.; Macgregor, S. A.; Braun, T. A
Highly Reactive Rhodium(I)-Boryl Complex as a Useful Tool for C-H
Bond Activation and Catalytic C-F Bond Borylation. Angew. Chem.,
Int. Ed. 2010, 49, 3947.

(36) Kallane, S. L; Teltewskoi, M.; Braun, T.; Braun, B. C-H and C-
F Bond Activations at a Rhodium(I) Boryl Complex: Reaction Steps
for the Catalytic Borylation of Fluorinated Aromatics. Organometallics
2015, 34, 1156.

(37) Guo, W.-H.; Min, Q.-Q;; Gu, J-W.,; Zhang, X. Rhodium-
Catalyzed ortho-Selective C-F Bond Borylation of Polyfluoroarenes
with Bpin-Bpin. Angew. Chem., Int. Ed. 2015, 54, 9075.

https://doi.org/10.1021/jacsau.1c00129
JACS Au 2022, 2, 261-279


https://pubs.acs.org/doi/10.1021/jacsau.1c00129?ref=pdf
https://doi.org/10.1126/science.1131943
https://doi.org/10.1126/science.1131943
https://doi.org/10.1021/jm034162s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm034162s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm034162s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm034162s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1358/dof.1985.010.05.65705
https://doi.org/10.1080/1061186X.2016.1207649
https://doi.org/10.1080/1061186X.2016.1207649
https://doi.org/10.1080/1061186X.2016.1207649
https://doi.org/10.1111/j.2042-7158.1967.tb08077.x
https://doi.org/10.1111/j.2042-7158.1967.tb08077.x
https://doi.org/10.1038/nature10108
https://doi.org/10.1038/nature10108
https://doi.org/10.1039/B711844A
https://doi.org/10.1039/B711844A
https://doi.org/10.1039/B610213C
https://doi.org/10.1039/B610213C
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr941141k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700134j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700134j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2746
https://doi.org/10.1038/nchem.2746
https://doi.org/10.1021/ja501117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja501117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja501117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200006r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200006r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0501386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0501386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800388c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800388c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201102384
https://doi.org/10.1002/anie.201102384
https://doi.org/10.1021/cr900206p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cs00156b
https://doi.org/10.1039/c0cs00156b
https://doi.org/10.1039/C3CS60418G
https://doi.org/10.1039/C3CS60418G
https://doi.org/10.1021/acs.chemrev.9b00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)95429-2
https://doi.org/10.1016/S0040-4039(01)95429-2
https://doi.org/10.1016/S0040-4039(01)95429-2
https://doi.org/10.1039/c39790000866
https://doi.org/10.1039/c39790000866
https://doi.org/10.1039/c39790000866
https://doi.org/10.1039/D0OB01721C
https://doi.org/10.1039/D0OB01721C
https://doi.org/10.1039/D0CC06460B
https://doi.org/10.1039/D0CC06460B
https://doi.org/10.1039/D0CC06460B
https://doi.org/10.1002/anie.202008096
https://doi.org/10.1002/anie.202008096
https://doi.org/10.1021/jacs.6b10017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b10017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules25040959
https://doi.org/10.3390/molecules25040959
https://doi.org/10.1002/adsc.201701390
https://doi.org/10.1002/adsc.201701390
https://doi.org/10.1002/adsc.201701390
https://doi.org/10.1002/anie.201705829
https://doi.org/10.1002/anie.201705829
https://doi.org/10.1002/anie.201705829
https://doi.org/10.1021/ja2077813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2077813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2077813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00180H
https://doi.org/10.1039/C9CS00180H
https://doi.org/10.1021/ar300130w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300130w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00153K
https://doi.org/10.1039/C9CS00153K
https://doi.org/10.1016/j.ejmech.2019.06.092
https://doi.org/10.1016/j.ejmech.2019.06.092
https://doi.org/10.1016/j.ejmech.2019.06.092
https://doi.org/10.1007/s40265-014-0276-7
https://doi.org/10.1002/anie.201001070
https://doi.org/10.1002/anie.201001070
https://doi.org/10.1002/anie.201001070
https://doi.org/10.1021/om500952x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500952x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500952x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201500124
https://doi.org/10.1002/anie.201500124
https://doi.org/10.1002/anie.201500124
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(38) Niwa, T.; Ochiai, H; Watanabe, Y.; Hosoya, T. Ni/Cu-
Catalyzed Defluoroborylation of Fluoroarenes for Diverse C-F Bond
Functionalizations. J. Am. Chem. Soc. 2015, 137, 14313.

(39) Liu, X.-W.; Echavarren, J.; Zarate, C.; Martin, R. Ni-Catalyzed
Borylation of Aryl Fluorides via C-F Cleavage. J. Am. Chem. Soc. 20185,
137, 12470.

(40) Zhou, J.; Kuntze-Fechner, M. W.; Bertermann, R.; Paul, U. S.
D.; Berthel, J. H. J; Friedrich, A.;; Du, Z.; Marder, T. B.; Radius, U.
Preparing (Multi)Fluoroarenes as Building Blocks for Synthesis:
Nickel-Catalyzed Borylation of Polyfluoroarenes via C-F Bond
Cleavage. . Am. Chem. Soc. 2016, 138, 5250.

(41) Tian, Y.-M.; Guo, X.-N.; Kuntze-Fechner, M. W
Krummenacher, I; Braunschweig, H.; Radius, U.; Steffen, A,
Marder, T. B. Selective Photocatalytic C-F Borylation of Polyfluor-
oarenes by Rh/Ni Dual Catalysis Providing Valuable Fluorinated
Arylboronate Esters. J. Am. Chem. Soc. 2018, 140, 17612.

(42) Zhang, J; Dai, W,; Liu, Q;; Cao, S. Cu-Catalyzed Stereo-
selective Borylation of gem-Difluoroalkenes with B,pin,. Org. Lett.
2017, 19, 3283.

(43) Sakaguchi, H.; Uetake, Y.; Ohashi, M.; Niwa, T.; Ogoshi, S.;
Hosoya, T. Copper-Catalyzed Regioselective Monodefluoroborylation
of Polyfluoroalkenes en Route to Diverse Fluoroalkenes. J. Am. Chem.
Soc. 2017, 139, 1285S.

(44) Tan, D.-H,; Lin, E.; Ji, W.-W,; Zeng, Y.-F.; Fan, W.-X,; Li, Q;
Gao, H.; Wang, H. Copper-Catalyzed Stereoselective Defluorinative
Borylation and Silylation of gem-Difluoroalkenes. Adv. Synth. Catal.
2018, 360, 1032.

(45) Tto, H.; Seo, T.; Kojima, R,; Kubota, K. Copper(I)-Catalyzed
Stereoselective Defluoroborylation of Aliphatic Gem-Difluoroalkenes.
Chem. Lett. 2018, 47, 1330.

(46) Kojima, R; Kubota, K; Ito, H. Stereodivergent Hydro-
defluorination of gem-Difluoroalkenes: Selective Synthesis of (Z)- and
(E)-Monofluoroalkenes. Chem. Commun. 2017, 53, 10688.

(47) Sakaguchi, H.; Ohashi, M.; Ogoshi, S. Fluorinated Vinylsilanes
from the Copper-Catalyzed Defluorosilylation of Fluoroalkene
Feedstocks. Angew. Chem., Int. Ed. 2018, 57, 328.

(48) Hu, J.; Han, X; Yuan, Y.; Shi, Z. Stereoselective Synthesis of Z-
Fluoroalkenes through Copper-Catalyzed Hydrodefluorination of
gem-Difluoroalkenes with Water. Angew. Chem., Int. Ed. 2017, S6,
13342.

(49) Hu, J; Zhao, Y.; Shi, Z. Highly Tunable multi-Borylation of
gem-Difluoroalkenes via Copper Catalysis. Nat. Catal. 2018, 1, 860.

(50) Corberan, R; Mszar, N. W.; Hoveyda, A. H. NHC-Cu-
Catalyzed Enantioselective Hydroboration of Acyclic and Exocyclic
1,1-Disubstituted Aryl Alkenes. Angew. Chem., Int. Ed. 2011, 50, 7079.

(51) Liu, Y; Zhou, Y; Zhao, Y; Qu, J. Synthesis of gem-
Difluoroallylboronates via FeCl,-Catalyzed Boration/f-Fluorine
Elimination of Trifluoromethyl Alkenes. Org. Lett. 2017, 19, 946.

(52) Zhao, X;; Li, C.; Wang, B.; Cao, S. Copper-catalyzed Synthesis
of gem-Difluoroallylboronates from a-Trifluoromethyl Alkenes and
B,pin, Tetrahedron Lett. 2019, 60, 129.

(83) Liu, Y;; Li, C.; Liu, C; He, J.; Zhao, X;; Cao, S. Cobalt- or
Copper-catalyzed Synthesis of gem-Difluoroally]l MIDA boronates
from a-Trifluoromethyl Alkenes. Tetrahedron Lett. 2020, 61, 151940.

(54) Akiyama, S; Nomura, S.; Kubota, K; Ito, H. Copper(I)-
Catalyzed Boryl Substitution of 1-Trifluoromethyl Allenes for the
Synthesis of 3-Boryl-Substituted 1,1-gem-Difluorodienes. J. Org.
Chem. 2020, 85, 4172.

(55) Gao, P; Yuan, C; Zhao, Y; Shi, Z. Copper-Catalyzed
Asymmetric Defluoroborylation of 1-(Trifluoromethyl)Alkenes.
Chem. 2018, 4, 2201.

(56) Kojima, R; Akiyama, S.; Ito, H. A Copper(I)-Catalyzed
Enantioselective y-Boryl Substitution of Trifluoromethyl-Substituted
Alkenes: Synthesis of Enantioenriched y,y-gem-Difluoroallylboronates.
Angew. Chem., Int. Ed. 2018, 57, 7196.

(57) Paioti, P. H. S.; del Pozo, J.; Mikus, M. S.; Lee, J.; Koh, M. J.;
Romiti, F.; Torker, S.; Hoveyda, A. H. Catalytic Enantioselective
Boryl and Silyl Substitution with Trifluoromethyl Alkenes: Scope,

277

Utility, and Mechanistic Nuances of Cu-F f-Elimination. J. Am. Chem.
Soc. 2019, 141, 19917.

(58) Akiyama, S.; Kubota, K.; Mikus, M. S.; Paioti, P. H. S.; Romiti,
E,; Liu, Q; Zhou, Y.,; Hoveyda, A. H.; Ito, H. Angew. Chem., Int. Ed.
2019, 58, 11998.

(59) Braun, T.; Ahijado Salomon, M.; Altenhoner, K.; Teltewskoi,
M,; Hinze, S. C-F Activation at Rhodium Boryl Complexes:
Formation of 2-Fluoroalkyl-1,3,2-Dioxaborolanes by Catalytic Func-
tionalization of Hexafluoropropene. Angew. Chem., Int. Ed. 2009, 48,
1818.

(60) Mo, F; Qiu, D; Zhang, Y; Wang, J. Renaissance of
Sandmeyer-Type Reactions: Conversion of Aromatic C-N Bonds
into C-X Bonds (X = B, Sn, P, or CF;). Acc. Chem. Res. 2018, S1, 496.

(61) Fawcett, A.; Pradeilles, J.; Wang, Y.; Mutsuga, T.; Myers, E. L.;
Aggarwal, V. K. Photoinduced decarboxylative borylation of
carboxylic acids. Science 2017, 357, 283.

(62) Kawamoto, T.; Geib, S. J.; Curran, D. P. J. Am. Chem. Soc.
2015, 137, 8617.

(63) Xu, A-Q; Zhang, F.-L,; Ye, T.; Yu, Z.-X,; Wang, Y.-F. NHC-
Boryl Radical Catalysis for Cycloisomerization With C-C Triple Bond
Reorganization. CCS Chem. 2019, 1, 504.

(64) Xu, W,; Jiang, H; Leng, J.; Ong, H.-W.; Wu, J. Visible-Light-
Induced Selective Defluoroborylation of Polyfluoroarenes, gem-
Difluoroalkenes, and Trifluoromethylalkenes. Angew. Chem., Int. Ed.
2020, 59, 4009.

(65) Xia, P.-J.; Ye, Z.-P.; Hu, Y.-Z.; Xiao, J.-A.; Chen, K.; Xiang, H.-
Y.; Chen, X.-Q; Yang, H. Photocatalytic C-F Bond Borylation of
Polyfluoroarenes with NHC-boranes. Org. Lett. 2020, 22, 1742.

(66) Takahashi, K.; Shimoi, M.; Watanabe, T.; Maeda, K; Geib, S.
J.; Curran, D. P.; Taniguchi, T. Revisiting Polyfluoroarenes as Radical
Acceptors: Radical C-F Bond Borylation of Polyfluoroarenes with N-
Heterocyclic Carbene Boranes and Synthesis of Borane-Containing
Liquid Crystals. Org. Lett. 2020, 22, 2054.

(67) Xia, P.-J.; Song, D.; Ye, Z.-P.; Hu, Y.-Z; Xiao, J.-A.; Xiang, H.-
Y,; Chen, X.-Q.; Yang, H. Photoinduced Single-Electron Transfer as
an Enabling Principle in the Radical Borylation of Alkenes with NHC-
Borane. Angew. Chem., Int. Ed. 2020, 59, 6706.

(68) Qi, J.; Zhang, F.-L,; Jin, J.-K.; Zhao, Q.; Li, B.; Liu, L.-X.; Wang,
Y.-F. New Radical Borylation Pathways for Organoboron Synthesis
Enabled by Photoredox Catalysis. Angew. Chem., Int. Ed. 2020, S9,
12876.

(69) Chen, G; Wang, L,; Liu, X;; Liu, P. Visible-Light-Induced
Radical Defluoroborylation of Trifluoromethyl Alkenes: An Access to
gem-Difluoroallylboranes. Adv. Synth. Catal. 2020, 362, 2990.

(70) Ramachandran, P. V.; Jennings, M. P. An Exceptional
Hydroboration of Substituted Fluoroolefins Providing Tertiary
Alcohols. Org. Lett. 2001, 3, 3789.

(71) Ramachandran, P. V.; Jennings, M. P.; Brown, H. C. Critical
Role of Catalysts and Boranes for Controlling the Regioselectivity in
the Rhodium-Catalyzed Hydroboration of Fluoroolefins. Org. Lett.
1999, 1, 1399.

(72) Ramachandran, P. V.; Jennings, M. P. Asymmetric Hydro-
boration and Matteson Homologation for the Preparation of
Fluorinated a-Phenethanols. J. Fluorine Chem. 2007, 128, 827.

(73) Jiang, Q; Guo, T.; Yu, Z. Copper-Catalyzed Asymmetric
Borylation: Construction of a Stereogenic Carbon Center Bearing
Both CF; and Organoboron Functional Groups. J. Org. Chem. 2017,
82, 1951.

(74) Liu, B.;; Wu, H.-H.; Zhang, J. Cu(1I)-Catalyzed Enantioselective
p-Boration of p-Trifluoromethyl, f,3-Disubstituted Enones and
Esters: Construction of a CF;- and Boron-Containing Quaternary
Stereocenter. ACS Catal. 2018, 8, 8318.

(75) Yang, C.; Liu, Z.-L.; Dai, D.-T.; Li, Q; Ma, W.-W.; Zhao, M,;
Xu, Y.-H. Catalytic Asymmetric Conjugate Protosilylation and
Protoborylation of 2-Trifluoromethyl Enynes for Synthesis of
Functionalized Allenes. Org. Lett. 2020, 22, 1360.

(76) Li, J; Liu, C.; He, J.; Xu, S.; Zhao, X.; Zhu, Y.; Cao, S. Ligand-
controlled Copper-catalyzed 1,2 or 1,4-Protoborylation of 2-

https://doi.org/10.1021/jacsau.1c00129
JACS Au 2022, 2, 261-279


https://doi.org/10.1021/jacs.5b10119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201701497
https://doi.org/10.1002/adsc.201701497
https://doi.org/10.1246/cl.180656
https://doi.org/10.1246/cl.180656
https://doi.org/10.1039/C7CC05225A
https://doi.org/10.1039/C7CC05225A
https://doi.org/10.1039/C7CC05225A
https://doi.org/10.1002/anie.201710866
https://doi.org/10.1002/anie.201710866
https://doi.org/10.1002/anie.201710866
https://doi.org/10.1002/anie.201708224
https://doi.org/10.1002/anie.201708224
https://doi.org/10.1002/anie.201708224
https://doi.org/10.1038/s41929-018-0147-9
https://doi.org/10.1038/s41929-018-0147-9
https://doi.org/10.1002/anie.201102398
https://doi.org/10.1002/anie.201102398
https://doi.org/10.1002/anie.201102398
https://doi.org/10.1021/acs.orglett.7b00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2018.11.073
https://doi.org/10.1016/j.tetlet.2018.11.073
https://doi.org/10.1016/j.tetlet.2018.11.073
https://doi.org/10.1016/j.tetlet.2020.151940
https://doi.org/10.1016/j.tetlet.2020.151940
https://doi.org/10.1016/j.tetlet.2020.151940
https://doi.org/10.1021/acs.joc.9b03353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b03353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b03353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2018.07.003
https://doi.org/10.1016/j.chempr.2018.07.003
https://doi.org/10.1002/anie.201803663
https://doi.org/10.1002/anie.201803663
https://doi.org/10.1002/anie.201803663
https://doi.org/10.1021/jacs.9b11382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200805041
https://doi.org/10.1002/anie.200805041
https://doi.org/10.1002/anie.200805041
https://doi.org/10.1021/acs.accounts.7b00566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aan3679
https://doi.org/10.1126/science.aan3679
https://doi.org/10.31635/ccschem.019.20190025
https://doi.org/10.31635/ccschem.019.20190025
https://doi.org/10.31635/ccschem.019.20190025
https://doi.org/10.1002/anie.201911819
https://doi.org/10.1002/anie.201911819
https://doi.org/10.1002/anie.201911819
https://doi.org/10.1021/acs.orglett.0c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201913398
https://doi.org/10.1002/anie.201913398
https://doi.org/10.1002/anie.201913398
https://doi.org/10.1002/anie.201915619
https://doi.org/10.1002/anie.201915619
https://doi.org/10.1002/adsc.202000257
https://doi.org/10.1002/adsc.202000257
https://doi.org/10.1002/adsc.202000257
https://doi.org/10.1021/ol016779e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol016779e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol016779e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol9909583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol9909583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol9909583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2007.04.014
https://doi.org/10.1016/j.jfluchem.2007.04.014
https://doi.org/10.1016/j.jfluchem.2007.04.014
https://doi.org/10.1021/acs.joc.6b02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0QO00445F
https://doi.org/10.1039/D0QO00445F
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Trifluoromethyl-1,3-Conjugated Enynes. Org. Chem. Front. 2020, 7,
1495.

(77) Kuang, Z.; Chen, H; Qiu, J; Ou, Z; Lan, Y,; Song, Q. Cu-
Catalyzed Regio- and Stereodivergent Chemoselective sp®/sp® 1,3-
and 1,4-diborylations of CF;-Containing 1,3-Enynes. Chem. 2020, 6,
2347.

(78) Dai, H.-X; Yu, J.-Q. Pd-Catalyzed Oxidative ortho-C-H
Borylation of Arenes. J. Am. Chem. Soc. 2012, 134, 134.

(79) Furukawa, T.; Tobisu, M.; Chatani, N. C-H Functionalization
at Sterically Congested Positions by the Platinum-Catalyzed
Borylation of Arenes. J. Am. Chem. Soc. 2015, 137, 12211.

(80) Takaya, J.; Ito, S.; Nomoto, H.; Saito, N.; Kirai, N.; Iwasawa, N.
Fluorine-Controlled C-H Borylation of Arenes Catalyzed by PSiN-
Pincer Platinum Complex. Chem. Commun. 2015, 51, 17662.

(81) Obligacion, J. V.; Bezdek, M. J; Chirik, P. J. C(sp*)-H
Borylation of Fluorinated Arenes Using an Air-Stable Cobalt
Precatalyst: Electronically Enhanced Site Selectivity Enables Synthetic
Opportunities. J. Am. Chem. Soc. 2017, 139, 2825.

(82) Ren, H.; Zhou, Y. P.; Bai, Y.; Cui, C.; Driess, M. Cobalt-
Catalyzed Regioselective Borylation of Arenes: N-Heterocyclic
Silylene as an Electron Donor in the Metal-Mediated Activation of
C-H Bonds. Chem. - Eur. J. 2017, 23, 5663.

(83) Argintaru, O. A.; Ryu, D.; Aron, I; Molander, G. A. Synthesis
and Applications of a-Trifluoromethylated Alkylboron Compounds.
Angew. Chem., Int. Ed. 2013, 52, 13656.

(84) Molander, G. A; Ryu, D. Diastereoselective Synthesis of
Vicinally Bis(trifluoromethylated) Alkylboron Compounds through
Successive Insertions of 2,2,2-Trifluorodiazoethane. Angew. Chem., Int.
Ed. 2014, 53, 14181.

(85) Hyde, S.; Veliks, J.; Liégault, B.; Grassi, D.; Taillefer, M,;
Gouverneur, V. Copper-Catalyzed Insertion into Heteroatom-Hydro-
gen Bonds with Trifluorodiazoalkanes. Angew. Chem., Int. Ed. 2016,
SS, 378S.

(86) Gillingham, D.; Fei, Na Catalytic X-H insertion reactions based
on carbenoids. Chem. Soc. Rev. 2013, 42, 4918.

(87) Kan, S. B.J.; Huang, X.; Gumulya, Y.; Chen, K.; Arnold, F. H.
Genetically Programmed Chiral Organoborane Synthesis. Nature
2017, 552, 132.

(88) Huang, X.; Garcia-Borras, M.; Miao, K; Kan, S. B. J.; Zutshi,
A.; Houk, K. N,; Arnold, F. H. A Biocatalytic Platform for Synthesis of
Chiral a-Trifluoromethylated Organoborons. ACS Cent. Sci. 2019, S,
270.

(89) Jonker, S. J. T.; Jayarajan, R; Kireilis, T.; Deliaval, M.; Eriksson,
L; Szab6, K. J. Organocatalytic Synthesis of a-Trifluoromethyl
Allylboronic Acids by Enantioselective 1,2-Borotropic Migration. J.
Am. Chem. Soc. 2020, 142, 21254.

(90) Shimizu, M.; Fujimoto, T.; Minezaki, H.; Hata, T.; Hiyama, T.
New, General, and Stereoselective Synthesis of CF;-Containing Tri-
and Tetrasubstituted Oxiranes and Tetrasubstituted Alkenes. J. Am.
Chem. Soc. 2001, 123, 6947.

(91) Liu, X;; Shimizu, M.; Hiyama, T. A Facile Stereocontrolled
Approach to CF;-Substituted Triarylethenes: Synthesis of Panomi-
fene. Angew. Chem., Int. Ed. 2004, 43, 879.

(92) Vedrenne, E.; Wallner, O. A,; Vitale, M.; Schmidt, F.; Aggarwal,
V. K. Homologation of Boronic Esters with Lithiated Epoxides for the
Stereocontrolled Synthesis of 1,2- and 1,3-Diols and 1,2,4-Triols. Org.
Lett. 2009, 11, 165.

(93) Nandakumar, M.; Rubial, B.; Noble, A.; Myers, E. L.; Aggarwal,
V. K. Ring-Opening Lithiation-Borylation of 2-Trifluoromethyl
Oxirane: A Route to Versatile Tertiary Trifluoromethyl Boronic
Esters. Angew. Chem., Int. Ed. 2020, 59, 1187.

(94) Jin, J.-K; Zheng, W.-X;; Xia, H.-M.; Zhang, F.-L.; Wang, Y.-F.
Regioselective Radical Hydroboration of gem-Difluoroalkenes: Syn-
thesis of a-Borylated Organofluorines. Org. Lett. 2019, 21, 8414.

(95) Liu, X; Lin, E. E.; Chen, G.; Li, J.-L.; Liu, P.; Wang, H. Radical
Hydroboration and Hydrosilylation of gem-Difluoroalkenes: Synthesis
of a-Difluorinated Alkylborons and Alkylsilanes. Org. Lett. 2019, 21,
8454.

278

(96) Huang, Y.-S.; Wang, J.; Zheng, W.-X.; Zhang, F.-L,; Yu, Y.-J,;
Zheng, M.; Zhou, X,; Wang, Y.-F. Regioselective Radical Hydro-
boration of Electron-deficient Alkenes: Synthesis of @-Boryl Function-
alized Molecules. Chem. Commun. 2019, 55, 11904.

(97) Li, X;; Curran, D. P. Insertion of reactive rhodium carbenes
into boron-hydrogen bonds of stable N-heterocyclic carbene boranes.
J. Am. Chem. Soc. 2013, 135, 12076 and references in this work.

(98) Veeraraghavan Ramachandran, P.; Chatterjee, A. Gem-
Difluorinated Homoallyl Alcohols, f-Hydroxy Ketones, and syn- and
anti-1,3-Diols via y,y-Difluoroallylboronates. Org. Lett. 2008, 10, 1195.

(99) Ramachandran, P. V.; Chatterjee, A. Facile Allylboration of
Ketones with p-Benzyloxy-y,y-difluoroallylboronate: Preparation of
gem-Difluorinated Homoallylic tert-Alcohols. J. Fluorine Chem. 2009,
130, 144.

(100) Ramachandran, P. V.; Tafelska-Kaczmarek, A,; Sakavuyi, K.
Asymmetric Fluoroallylboration of Aldehydes. Org. Lett. 2011, 13,
4044.

(101) Ramachandran, P. V.; Tafelska-Kaczmarek, A.; Sakavuyi, K;
Chatterjee, A. Fluoroallylboration-Olefination for the Synthesis of
(2)-4,4-Difluoropent-2-enoates and S$,5-Difluoro-5,6-dihydropyran-2-
ones. Org. Lett. 2011, 13, 1302.

(102) Ramachandran, P. V.; Tafelska-Kaczmarek, A.; Chatterjee, A.
B-(3,3-difluoroallyl)diisopinocampheylborane for the Enantioselective
Fluoroallylboration of Aldehydes. J. Org. Chem. 2012, 77, 9329.

(103) Zhang, B.; Zhang, X. Bronsted Acid Catalyzed gem-
Difluoroallylation of Aldehydes and Ketone with pS-Tosyloxy-y,y
-difluroallylboronic Acid Pinacol Ester. Chin. J. Chem. 2016, 34, 477.

(104) Ichikawa, J.; Sonoda, T.; Kobayashi, H. A Novel Synthesis of
1,1-Difluoroolefins from 1,1,1-Trifluoroethyl p-Toluenesulfonate via
Boron Ate-complex. Tetrahedron Lett. 1989, 30, 1641.

(105) Uneyama, K; Katagiri, T.; Amii, H. a-Trifluoromethylated
Carbanion Synthons. Acc. Chem. Res. 2008, 41, 817.

(106) Huang, S.; Shan, Z; Zhao, D. A Simple and Convenient
Preparation of Aryl Boronic and Diaryl Borinic Acids by One-Pot
Grignard Reaction. Chin. J. Org. Chem. 1995, 1S, 64.

(107) Collibee, S. E.; Yu, J. A Facile and Convenient Synthesis of
Functionalized ortho-Nitrophenylboronic Acids. Tetrahedron Lett.
2005, 46, 4453.

(108) Levin, V. V.; Elkin, P. K.; Struchkova, M. L; Dilman, A. D.
Nucleophilic Fluoroalkylation of (Bromomethyl)pinacolborane using
Silicon Reagents. J. Fluorine Chem. 2013, 154, 43.

(109) Fasano, V.; Winter, N.; Noble, A.; Aggarwal, V. K. Divergent,
Stereospecific Mono- and Difluoromethylation of Boronic Esters.
Angew. Chem., Int. Ed. 2020, 59, 8502.

(110) Mfuh, A. M; Doyle, J. D.; Chhetri, B.; Arman, H. D,
Larionov, O. V. Scalable, Metal- and Additive-Free, Photoinduced
Borylation of Haloarenes and Quaternary Arylammonium Salts. J. Am.
Chem. Soc. 2016, 138, 298S.

(111) Mfuh, A. M,; Nguyen, V. T.; Chhetri, B.; Burch, J. E.; Doyle, J.
D.; Nesterov, V. N.; Arman, H. D.; Larionov, O. V. Additive- and
Metal-Free, Predictably 1,2- and 1,3-Regioselective, Photoinduced
Dual C-H/C-X Borylation of Haloarenes. J. Am. Chem. Soc. 2016,
138, 8408.

(112) Li, Z; Wang, Z,; Zhu, L; Tan, X; Li, C. Silver-Catalyzed
Radical Fluorination of Alkylboronates in Aqueous Solution. J. Am.
Chem. Soc. 2014, 136, 16439.

(113) Fu, X.-P,; Xue, X.-S;; Zhang, X.-Y,; Xiao, Y.-L; Zhang, S,;
Guo, Y.-L,; Leng, X.; Houk, K. N.; Zhang, X. Controllable Catalytic
Difluorocarbene Transfer Enables Access to Diversified Fluoroalky-
lated Arenes. Nat. Chem. 2019, 11, 948.

(114) Kischkewitz, M.; Okamoto, K.; Miick-Lichtenfeld, C.; Studer,
A. Radical-polar crossover reactions of vinylboron ate complexes.
Science 2017, 355, 936.

(115) Silvi, M.; Sandford, C.; Aggarwal, V. K. Merging Photoredox
with 1,2-Metallate Rearrangements: The Photochemical Alkylation of
Vinyl Boronate Complexes. J. Am. Chem. Soc. 2017, 139, 5736.

(116) Armstrong, R. J.; Sandford, C.; Garcia-Ruiz, C.; Aggarwal, V.
K. Conjunctive functionalization of vinyl boronate complexes with

https://doi.org/10.1021/jacsau.1c00129
JACS Au 2022, 2, 261-279


https://doi.org/10.1039/D0QO00445F
https://doi.org/10.1016/j.chempr.2020.06.034
https://doi.org/10.1016/j.chempr.2020.06.034
https://doi.org/10.1016/j.chempr.2020.06.034
https://doi.org/10.1021/ja2097095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2097095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CC07263H
https://doi.org/10.1039/C5CC07263H
https://doi.org/10.1021/jacs.6b13346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b13346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b13346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b13346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201605937
https://doi.org/10.1002/chem.201605937
https://doi.org/10.1002/chem.201605937
https://doi.org/10.1002/chem.201605937
https://doi.org/10.1002/anie.201308036
https://doi.org/10.1002/anie.201308036
https://doi.org/10.1002/anie.201408191
https://doi.org/10.1002/anie.201408191
https://doi.org/10.1002/anie.201408191
https://doi.org/10.1002/anie.201511954
https://doi.org/10.1002/anie.201511954
https://doi.org/10.1039/c3cs35496b
https://doi.org/10.1039/c3cs35496b
https://doi.org/10.1038/nature24996
https://doi.org/10.1021/acscentsci.8b00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016077k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016077k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200353032
https://doi.org/10.1002/anie.200353032
https://doi.org/10.1002/anie.200353032
https://doi.org/10.1021/ol802651b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol802651b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201912797
https://doi.org/10.1002/anie.201912797
https://doi.org/10.1002/anie.201912797
https://doi.org/10.1021/acs.orglett.9b03173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC06506G
https://doi.org/10.1039/C9CC06506G
https://doi.org/10.1039/C9CC06506G
https://doi.org/10.1021/ja4056245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol800069z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol800069z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol800069z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2008.09.014
https://doi.org/10.1016/j.jfluchem.2008.09.014
https://doi.org/10.1016/j.jfluchem.2008.09.014
https://doi.org/10.1021/ol201551y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol103097s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol103097s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol103097s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo300970z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo300970z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cjoc.201600060
https://doi.org/10.1002/cjoc.201600060
https://doi.org/10.1002/cjoc.201600060
https://doi.org/10.1016/S0040-4039(00)99541-8
https://doi.org/10.1016/S0040-4039(00)99541-8
https://doi.org/10.1016/S0040-4039(00)99541-8
https://doi.org/10.1021/ar7002573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar7002573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2005.04.129
https://doi.org/10.1016/j.tetlet.2005.04.129
https://doi.org/10.1016/j.jfluchem.2013.06.007
https://doi.org/10.1016/j.jfluchem.2013.06.007
https://doi.org/10.1002/anie.202002246
https://doi.org/10.1002/anie.202002246
https://doi.org/10.1021/jacs.6b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja509548z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja509548z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-019-0331-9
https://doi.org/10.1038/s41557-019-0331-9
https://doi.org/10.1038/s41557-019-0331-9
https://doi.org/10.1126/science.aal3803
https://doi.org/10.1021/jacs.7b02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC01671A
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

electrophiles: a diastereoselective three-component coupling. Chem.
Commun. 2017, 53, 4922.

(117) Lovinger, G. J.; Morken, J. P. Ni-Catalyzed Enantioselective
Conjunctive Coupling with C(sp*)Electrophiles: A Radical-Ionic
Mechanistic Dichotomy. J. Am. Chem. Soc. 2017, 139, 17293.

(118) Tappin, N. D. C.,; Gnigi-Lux, M; Renaud, P. Radical-
Triggered Three-Component Coupling Reaction of Alkenylboronates,
a-Halocarbonyl Compounds, and Organolithium Reagents: The
Inverse Ylid Mechanism. Chem. - Eur. J. 2018, 24, 11498.

(119) Silvi, M.; Aggarwal, V. K. Radical Addition to Strained o-
Bonds Enables the Stereocontrolled Synthesis of Cyclobutyl Boronic
Esters. J. Am. Chem. Soc. 2019, 141, 9511.

(120) Davenport, R; Silvi, M.; Noble, A; Hosni, Z.; Fey, N,
Aggarwal, V. K. Visible-Light-Driven Strain-Increase Ring Contraction
Allows the Synthesis of Cyclobutyl Boronic Esters. Angew. Chem., Int.
Ed. 2020, 59, 6525.

(121) Gerleve, C.; Kischkewitz, M.; Studer, A. Synthesis of a-Chiral
Ketones and Chiral Alkanes Using Radical Polar Crossover Reactions
of Vinyl Boron Ate Complexes. Angew. Chem., Int. Ed. 2018, 57, 2441.

(122) Lv, W.-X;; Zeng, Y.-F; Li, Q; Chen, Y.; Tan, D.-H,; Yang, L.;
Wang, H. Oxidative Difunctionalization of Alkenyl MIDA Boronates:
A Versatile Platform for Halogenated and Trifluoromethylated a-
Boryl Ketones. Angew. Chem., Int. Ed. 2016, 55, 10069.

(123) Zeng, Y.-F.; Liu, X.-G.; Tan, D.-H.; Fan, W.-X,; Li, Y.-N.; Guo,
Y; Wang, H. Halohydroxylation of Alkenyl MIDA Boronates:
Switchable Stereoselectivity Induced by B(MIDA) Substituent.
Chem. Commun. 2020, 56, 4332.

(124) Lv, W.-X,; Li, Q;; Li, J.-L.; Li, Z; Lin, E.; Tan, D.-H.; Cai, Y.-
H.,; Fan, W.-X;; Wang, H. gem-Difluorination of Alkenyl N-
methyliminodiacetyl Boronates: Synthesis of a- and B-Difluorinated
Alkylborons. Angew. Chem., Int. Ed. 2018, 57, 16544.

(125) Fan, W.-X,; Li, J.-L.; Lv, W.-X,; Yang, L,; Li, Q; Wang, H.
Synthesis of Fluorinated Amphoteric Organoborons via Iodofluori-
nation of Alkynyl and Alkenyl MIDA Boronates. Chem. Commun.
2020, 56, 82.

(126) Wang, S.; Zhang, J.; Kong, L; Tan, Z; Bai, Y,; Zhu, G.
Palladium-Catalyzed anti-Selective Fluoroalkylboration of Internal
and Terminal Alkynes. Org. Lett. 2018, 20, 5631.

(127) Guo, W.-H,; Zhao, H.-Y.; Luo, Z.-J.; Zhang, S.; Zhang, X.
Fluoroalkylation-Borylation of Alkynes: An Efficient Method to
Obtain (Z)-Tri- and Tetrasubstituted Fluoroalkylated Alkenylboro-
nates. ACS Catal. 2019, 9, 38.

(128) Domanski, S.; Gatlik, B.; Chaladaj, W. Pd-Catalyzed
Boroperfluoroalkylation of Alkynes Opens a Route to One-Pot
Reductive Carboperfluoroalkylation of Alkynes with Perfluoroalkyl
and Aryl Iodides. Org. Lett. 2019, 21, 5021.

(129) Jordan, A. J; Thompson, P. K; Sadighi, J. P. Copper(I)-
Mediated Borofluorination of Alkynes. Org. Lett. 2018, 20, 5242.

(130) Zhuo, K.-F.; Xu, W.-Y.; Gong, T.-J.; Fu, Y. The Dual-catalyzed
Boryldifluoroallylation of Alkynes: An Efficient Method for the
Synthesis of Skipped gem-Difluorodienes. Chem. Commun. 2020, 56,
2340.

(131) Wu, N.-Y,; Xu, X.-H; Qing, F.-L. Copper-Catalyzed
Regioselective Borylfluoromethylation of Alkenes. ACS Catal. 2019,
9, 5726.

(132) Cheng, Y.; Miick-Lichtenfeld, C.; Studer, A. Transition Metal-
Free 1,2-Carboboration of Unactivated Alkenes. J. Am. Chem. Soc.
2018, 140, 6221.

(133) Zhang, W.; Zou, Z.; Zhao, W.; Lu, S; Wu, Z.; Huang, M,;
Wang, X.; Wang, Y,; Liang, Y,; Zhu, Y.; Zheng, Y.; Pan, Y. Integrated
Redox-Active Reagents for Photoinduced Regio- and Stereoselective
Fluorocarboborylation. Nat. Commun. 2020, 11, 2572.

(134) Denmark, S. E; Fu, J. Catalytic Enantioselective Addition of
Allylic Organometallic Reagents to Aldehydes and Ketones. Chem.
Rev. 2003, 103, 2763.

(135) Kaiser, D.; Noble, A.; Fasano, V.; Aggarwal, V. K. 1,2-Boron
Shifts of S-Boryl Radicals Generated from Bis-boronic Esters Using
Photoredox Catalysis. J. Am. Chem. Soc. 2019, 141, 14104.

279

(136) Jana, K.; Bhunia, A.; Studer, A. Radical 1,3-Difunctionalization
of Allylboronic Esters with Concomitant 1,2-Boron Shift. Chem. 2020,
6, S12.

(137) Wang, D.; Miick-Lichtenfeld, C.; Studer, A. 1,
Bisborylalkanes via Radical Boron Migration. J. Am. Chem. Soc.
2020, 142, 9119.

(138) Fang, T.; Qiy, J.; Yang, K; Song, Q. Photo-induced weak
base-catalyzed synthesis of a-haloboronates from vinylboronates and
polyfluoroalkyl halides. Org. Chem. Front. 2021, 8, 1991.

n-

https://doi.org/10.1021/jacsau.1c00129
JACS Au 2022, 2, 261-279


https://doi.org/10.1039/C7CC01671A
https://doi.org/10.1021/jacs.7b10519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1021/jacs.9b03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915409
https://doi.org/10.1002/anie.201915409
https://doi.org/10.1002/anie.201711390
https://doi.org/10.1002/anie.201711390
https://doi.org/10.1002/anie.201711390
https://doi.org/10.1002/anie.201604898
https://doi.org/10.1002/anie.201604898
https://doi.org/10.1002/anie.201604898
https://doi.org/10.1039/D0CC00722F
https://doi.org/10.1039/D0CC00722F
https://doi.org/10.1002/anie.201810204
https://doi.org/10.1002/anie.201810204
https://doi.org/10.1002/anie.201810204
https://doi.org/10.1039/C9CC08386C
https://doi.org/10.1039/C9CC08386C
https://doi.org/10.1021/acs.orglett.8b02336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC08485A
https://doi.org/10.1039/C9CC08485A
https://doi.org/10.1039/C9CC08485A
https://doi.org/10.1021/acscatal.9b01530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-16477-1
https://doi.org/10.1038/s41467-020-16477-1
https://doi.org/10.1038/s41467-020-16477-1
https://doi.org/10.1021/cr020050h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020050h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2019.12.022
https://doi.org/10.1016/j.chempr.2019.12.022
https://doi.org/10.1021/jacs.0c03058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1QO00169H
https://doi.org/10.1039/D1QO00169H
https://doi.org/10.1039/D1QO00169H
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

