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C —H borylation is an efficient method to generate Scheme 1. Generic Examples Highlighting the Division of
organoboranes that are powerful intermediates in syn- Catalytic Electrophilic Arene C—H Borylation Processes into
thesis, due in large part to the Suzuki—Miyaura reaction.' Two Approaches”

Tremendous advances have been made using transition metal

Approach (i) no o - bond metathesis step required
based catalysts for arene C—H borylation.” These catalysts PP () noo preg

0/+1
generally utilize the variable oxidation states available to the O C-H
fes _ _ 0, i B7LI functionalization
transition metals to effect C—H cleavage and C—B bond [ B-H o
p . 5 _ . . . o +Ar-H ~0,
ormation. Iridium based C—H borylation catalysts in particular OR . L B—Ar
, - — |,
are established as one of the foremost methods in the field of C— activator(s) > LA “Hy (H-H) o}
H functionalization.? . activation 0 o+ T2 .
nctionalization.” Main group compounds also have been — + activator(s)
. . . step(s) [ B-H
applied as catalysts for arene C—H borylation, with the greater g
abundance, lower cost, and higher permitted exposure limits of - : -
most main group elements relative to precious metals one key Approach (ii) o - bond metathesis step O’ equired
driver for this research.” A second driver stems from the fact that [ ‘B-H
main group catalysis generally proceeds at a fixed oxidation state r LA-H _+ArH r-LATAr T0 0, --LA-H
thus requiring distinct borylation mechanisms. This can lead to “-B H,(HH) LB [O/B—Ar * L‘LB
complementary regioselectivity and functional group tolerance i ,
. o C-H functionalization o - bond metathesis
to that using transition metal based catalysts. However,
significant challenges remain in main group catalyzed arene LA = Lewis acid, LB = Lewis/Bronsted base
borylation, particularly around expanding the substrate scope ’
and generating operationally simple methodologies.” Most
systems reported to date use (pre)catalysts that are challenging electrophilic borylation studies from the 1960s.'’ The
to handle (due to their sensitivity to protic species such as H,0) generation of [H]* as a byproduct also provides a route to
and that are limited in substrate scope to nucleophilic using substoichiometric electrophilic activators in arene
(hetero)arenes (defined herein as substrates with Mayr borylation. Combining [H]* with a hydroborane (e.g.,
nucleophilicity values (Ng > 1, for reference, 2-Me-thiophene catecholborane (CatBH) or pinacolborane (PinBH) deriva-
and furan have N ~ 1.3).° Identifying a single catalytic system tives) or another hydridic species can lead to H, evolution and
that addresses both of these challenges is essential for the wider (re)generate a reactive electrophile for performing further C—H
uptake of main group catalyzed arene C—H borylation. functionalization. Virtually all main group catalyzed borylation
This viewpoint summarizes the general approaches used to reactions reported to date rely on this as a key step to close the
date in main group catalyzed intermolecular arene C—H catalytic cycle. To facilitate analysis, these reactions have been
borylation. It is not a comprehensive survey of the area; instead, divided into two types based on the nature of the electrophile
it focuses on analyzing common key steps and through this seeks that effects C—H functionalization. Specifically, it separates
to highlight some of the current challenges and future systems based on whether or not a o-bond metathesis step is
opportunities in the field. For stoichiometric (in strong Lewis required to form the target aryl-borane post C—H functionaliza-
acid)” and intramolecular C—H borylation, the reader is tion. These two classes are discussed separately as they have
directed to recent reviews.® distinct challenges. For example, approach (i) requires

converting a hydroborane into an electrophile that effects

B THE IMPORTANCE OF [H]*

The majority of main group catalyzed arene borylation processes
reported to date proceed via a stepwise or a concerted SgAr type
process’ and thus can be termed electrophilic borylation
reactions. In these, controlling the fate of the byproduct from
SeAr, [H]*, is vital.'” Indeed, the effective sequestering of [H]*
was recognized as crucial even in the early stoichiometric
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SgAr (Scheme 1, top), while (ii) uses a separate electrophile to
achieve C—H functionalization but then requires a o-bond
metathesis step to close the catalytic cycle (Scheme 1, bottom).
Both approaches build upon modern developments in main
group chemistry, such as frustrated Lewis pairs (FLPs),'” and
commonalities are present between them which will be
highlighted where appropriate.

B APPROACH (I) ARENE C—H FUNCTIONALIZATION
BY ELECTROPHILES DERIVED FROM
HYDROBORANES

This approach generally uses substoichiometric additives to
convert CatBH (or a derivative) into an electrophile that then
effects arene C—H borylation. In our early work CatBH was
combined with § mol % of CatBBr/[Et,Si][closo-CB,,H¢Br,]."
This led to a highly reactive, albeit ill-defined, boron electrophile
that could even borylate deactivated aromatics with N values &
—7 (e.g, haloarenes). This study highlighted a number of
important factors: (i) the need for a robust (toward electro-
philes) hydroborane as pinacolborane decomposed under the
reaction conditions; (ii) the necessity for the correct anion, with
key considerations being low anion coordinating ability and high
anion stability. In this work the highly reactive nature of the
electrophile(s) necessitated use of the extremely robust [closo-
CB,,H¢Brg]™ anion.'* The reactive boron species was termed
[CatB(closo-CB;;HBrg)], 1 (Scheme 2, top inset), and was

Scheme 2. Top, Early Work on Catalytic Electrophilic
Borylation. Bottom, Calculated Energy for the
Dehydrocoupling Step Forming an Unstabilized [CatB]*

Ho-gH
C -8
5 mol% CatBBr/ })\
0, EtsSi[CB11HsBre]
B~H _Br
© Ar-H o
(CatBH) (as solvent) +H-H

Cat--"B" proposed

()\I/@ /C[BH ()\\/Q * HH
R - SO

R\

AG = +87.9
-1
keaimol "unstabilized"
2 O =B-H, R = CHyCqFs [CatB]" species

described as a synthetic equivalent of [CatB]*. Note, [CatB]* is
not feasible in the condensed phase without some further
ligation of boron (e.g., by anion, solvent, and/or another base).
The identity of this ligating species, termed L, is a key variable in
approach (i) as it has a significant effect on multiple steps in the
catalytic cycle.

Following the generation of the reactive electrophile 1, arene
C—H bo latlon proceeded generating H, as the only
byproduct.® However, how borylation proceeded/H, formed
was not defined, with several possibilities discussed. One
possible route to H, formation is via a highly Brensted acidic
arenium salt (e.g, [C¢HGE][CB;;H¢Br], E = H or CatB, as an
intermediate or a byproduct from SgAr,), reacting with CatBH
to reform the reactive electrophile (e.g, 1). In this step the
nature of the Bronsted acid and the hydroborane dramatically
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impacts the thermodynamics of the reaction to form H, (termed
dehydrocoupling). Recent calculations (Scheme 2, bottom)
showed that the deprotonation of arenium cation 2 with a
CatBH derivative to form an unstabilized [CatB]" species was
endergonic by +87.9 kcal mol™." This is consistent with our
original description of [CatB]* as being unfeasible in the
condensed phase, indicating a more complex dehydrocoupling
process is occurring in this case.””

Subsequent reports from multiple groups utilized CatBH/
PinBH in the presence of exogenous L (which forms a dative
bond with the hydroborane) to borylate arenes using a
substoichiometric Lewis acid activator (e.g, B(CgFs); or a
derivative thereof).'® These studies highlighted the dramatic
effect L has on catalytic electrophilic borylation reactions. This is
consistent with the multiple roles L can play in borylation cycles,
for example: coordination of L to CatBH weakens the B—H
bond facilitating hydride abstraction and formation of [CatB—
L]* cations, such as 3 (Scheme 3); (ii) the nature of L in the

Scheme 3. Potential Processes in [CatB—L]* Mediated
Catalytic Borylation®

CatBH + NMe,Ph

BCat

CatsB; +
MeyPhN-BH3
[PhNMeH]* substituent
NMe, scrambling
NMe,Ph +
Hy (dehydrocoupling step)
NMe,Ph 2ideny ping step
H BCat ® ®
O\
@[ B-NMePh| —Eu CatB('\'M&th
0 n NMe,Ph
®NMe;,

N 0

+NMePh

L = Me,NPh

“This excludes anion involvement for simplicity; with, e.g.
[HB(C4Fs) ;]7, more pathways are feasible.

reactive [CatB—L]" electrophile modulates the Lewis acidity at
boron; (iii) L can also be the Bronsted base that deprotonates
arenium cation intermediates; (iv) the conjugate acid, [LH]*,
then is involved in the dehydrocoupling step forming H, and
regenerating the electrophile and L. A number of these processes
are shown in Scheme 3 based on studies of Oestreich and co-
workers.'® It should be noted that L also can lead to off-cycle
species, such as [CatB(L),]" boronium cations (e.g., 4), and to
substituent redistribution of CatBH to form Cat;B, and L—
BH,."” Furthermore, in some systems competing reactivity (e.g,,
reduction of indoles to indolines) can occur to generate a
“hidden” L in situ which can also play a crucial role.'**'*
Changing L can impact different steps in opposite ways; e.g.,
when L is a weak Lewis base it will bind weakly to CatBH and
make hydride abstraction less favored enthalpically, but it will
enhance the electrophilicity of [CatB—L]*. Furthermore, a
weakly Bronsted basic L will lead to less exothermic
deprotonation of arenium intermediates but generate a stronger
conjugate Brensted acid ([LH]*), thereby impacting the
energetics of the dehydrocoupling step. The above only consider
minima on the potential energy surface; clearly, altering L will
impact the energy of the transition state involved in each step.
Thus, it is challenging a priori to predict an optimal L for

https://doi.org/10.1021/acscatal.3c01668
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electrophilic borylation even when ignoring competing off-cycle
reactivity, e.g, substituent scrambling and L binding to the
activator. Nevertheless, given the range of bases studied to date,
particularly with CatBH and using fluoroaryl-borane activators,
there is limited potential to significantly improve reactivity in
catalytic electrophilic borylation by utilizing other monofunc-
tional bases.

Moving beyond monofunctional bases in [CatB—L]
systems, bifunctional derivatives, e.g.,, 2-DMAP, also have been
explored. While this was initially in stoichiometric C—H
borylation,"” later work with compound § (Scheme 4)*° and

1+/0

Scheme 4. Top, Borenium and Boronium Forms of § and
Bottom, Compound 6 and Key Transition States in the
Catalytic Borylation Process Starting from Compound 6

® @
Me2 Chelation F NMe;
/ \ dlsfavored VR \
Bu N-B\«o
0
FF
_____ @ _OIT_‘P‘_JE’I‘_d_?-________________________________________________
CFs # ¥
o S,/H\ | \ o §—‘H\H
b \N/QN—B‘L S \N/QN—EQL
e L N80 L N80
(6] 0]
K/N‘BCat
Compound 6 TS1 TS2

more recently compounds such as 6 have shown that combining
bifunctional bases with CatBH can expand the scope in catalytic
electrophilic borylation to some degree.”’ Chelation of bases
such as 2-DMAP to {CatB} is disfavored as chelation would
form a strained four-membered boracycle (Scheme 4, top)."”
Instead the boron unit remains (or can readily become) three
coordinate and sufficiently electrophilic to interact with arenes.
The bifunctional nature of L is crucial as it introduces a basic site
proximal to the electrophilic boron center (thus is a
preorganized FLP). This facilitates C—H borylation via a six-
membered transition state (TS1, Scheme 4) which is calculated
to be the highest energy state in the process.”’ The concerted
nature of C—B formation/C—H deprotonation enabled by
bifunctional bases has proved essential to expand the scope
beyond that using monofunctional bases and CatBH. It is also
notable that the optimal bifunctional base contains electron
withdrawing groups. This presumably helps engender sufficient
Lewis acidity at boron to lower TS1 and sufficient Brensted
acidity in the conjugate acid post C—H borylation to enable the
low barrier protonation of a CatBH(L) species via TS2. This
again emphasizes that the selection of L requires a balancing act
to prevent any one transition state becoming too high in energy.
To date the systems in Scheme 4 are effective for catalyzing the
borylation of heteroarenes with N values > —1.5; however,
benzothiophene (N = —2.6) did not undergo borylation. With
fewer reports using bifunctional bases, it is possible that
improved bifunctional base/hydroborane combinations exist
that will increase the scope further. The studies using 6 also
highlight the complementary nature of catalytic electrophilic
borylation, with groups often challenging in precious metal
catalyzed borylation (e.g., alkenes, R,S) tolerated. Furthermore,
hindered sites can be borylated with 6 (e.g, C2 in 3-R-
thiophenes),”" whereas iridium catalyzed borylation proceeds
under steric control.
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The systems discussed above all form (or are proposed to
form) [CatB—L]"*/% species as the key electrophile effecting C—
H functionalization. An alternative route to generate reactive
electrophiles from CatBH is by binding a Lewis acid to an O or
the B—H. As the Lewis acidity in dioxaborolanes is significantly
affected by the 7 donor ability of the oxo groups,” attaching a
Lewis acid at O will modify the Lewis acidity at boron. Our
recent work utilized this approach in catalytic arene borylation
with low coordinate zinc cations calculated to prefer bmdlng to
O over the B—H unit (Scheme § inset, 7-O vs 7-H).>* Using 10

Scheme $. Zinc Electrophile Binding to HBCat (inset O vs
B—H) and Borylation Mediated by This Electrophile Type

®
Compound 8 Dipp ®
DIPP /
N [N\% Mo o
N Zn H
Zn—NR, N No-B | |zm? OF :@
‘N\ \ 0 H" o
DIPP Dipp 7-H
- [end 7-0 bl
= - t
+ CatBH [2n) . gfrels al_1e
b - NRs 7-0 y 6 kcalmo
Zn Zn
H\ ® [ ]\O [ ]\O/w
/B\ I j _\ —
[Zn]-O. 0 +arene H EQ\O +NRj3 H=B-0
jeriimues
/
N N
9 \

+ \
+[HNR3]
i |

(i) dehydrocoupling, -Ho, -NR3, (i) displacement + HBCat, - Ar-BCat

mol % of compound 8 (Scheme 5) as a precatalyst enabled
catalytic borylation and an increase in the arene scope relative to
[CatB—L]'*/° mediated catalytic borylation, with benzothio-
phene now amenable to C—H borylation.”* Computational
analysis revealed a mechanism initiated by an endergonic
displacement of amine NR; from zinc by CatBH to form 9. 9
represents a borenium equivalent and is proposed to form an
FLP with the released amine. The borylation then proceeds via
arenium cation formation, with this cation deprotonated by the
amine, with the formed ammonium cation then undergoing
dehydrocoupling with the borohydride. Finally, displacement of
CatB—Ar by CatBH closes the cycle (Scheme S, bottom). This
reaction mechanism has an overall free energy span of 22.4 kcal
mol™! for N-Me-indole, consistent with the room temperature
reactivity observed. The scope of this process was found to be
affected by the base used and also by the nature of the zinc
cation, indicating that varying the activating metal electrophile
that binds to CatBH can have a dramatic effect on reactivity.”>**

In recent work, Wang and co-workers reported the use of the
borenium cation 10 (Scheme 6) as the electrophilic activator.'”
10 activated 4-chloro-CatBH"® to form an electrophile that was
highly effective in arene borylation. Compound 10 (S mol %)
was even sufficient to borylate benzene (N value = —6.3) in high
yield with “!CatBH. A highly electrophilic borenium cation is
essential with B(CF)s, and a less Lewis acidic borenium cation
not effective. 10 was proposed to interact with the B—H of
CICatBH to generate electrophile 11 (Scheme 6). 11 then reacts
with arenes by cleavage of both of the 3-center, 2-electron bonds
and formation of a “/CatB-substituted arenium cation. This is
deprotonated by the NHC-borane, evolving H, and reforming
10; notably, this combines deprotonation and dehydrocoupling

https://doi.org/10.1021/acscatal.3c01668
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Scheme 6. Borylation Catalyzed by Borenium Cation 10
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Compound 11
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- H,, - ®'catBPh

into one step. This last step is calculated to be rate limiting,
consistent with the measured KIE of 2.8. In addition to
borylating weakly nucleophilic arenes, this work also borylated
phenols selectively at the para position, with no meta borylation
observed (in contrast to iridium catalysis which gives a mix of
meta and para borylation).”® Furthermore, sterically hindered
arenes, e.g., mesitylene, also underwent borylation using 10 in
good yield; note, these hindered substrates are challenging for
iridium catalysts. This work combined with the zinc-catalyzed
systems indicates that electrophile binding to CatBH (and
derivatives) to generate borocation equivalents is an underex-
plored area that may lead to further advances in catalytic
borylation.

Alongside increasing the scope, switching the regioselectivity
in catalytic electrophilic borylation is also of interest. To date,
the vast majority of reports generate the products expected from
SgAr. In contrast, the borylation of ethylbenzene with 'CatBH/
10 gave ca. 1:1 mixtures of C4 and C3 borylated products.'®
This is potentially due to isomerization at the borylated arenium
cation stage prior to deprotonation as observed in stoichiometric
electrophilic borylation.”” Controlling the rate of deprotonation
relative to that of isomerization therefore offers a route to obtain
distinct borylation products. Analogously, if deprotonation of
the “kinetic borylated-arenium cation” is reversible, then the
thermodynamic borylated product could be accessed selectively.
The latter was observed in our work on borylations using NHC-
BH,/10 mol % L,.** This forms NHC—BH,]I that reacts with
activated arenes by SpAr, with reaction of the HI byproduct with
NHC—-BH; regenerating NHC—BH,I. With N-Me-indole, the
only product observed was the C2 borylated product 12
(Scheme 7), with C3 borylation expected from the SpAr of

Scheme 7. Formation of Borylated Products 12 and 13

NHC
A _H
B~H
+HI NHCBH,l . NHC
(I\g SH 2 -HE mg\\H
N .HI  +N-R-indole A N H
R R

Compound 13 Compound 12

indoles. The expected SgAr product, 13, was formed selectively
in the presence of a stronger (than iodide) Brensted base.
However, in the absence of a base 13 was formed reversibly,
ultimately leading to formation of 12 as the only borylated
product, consistent with 12 being calculated to be the
thermodynamic product. Hatakeyama and co-workers also
noted that, in borylations using BI; in the absence of a base,
reversible borylation occurs, presumably enabled by the HI
byproduct from SgAr.”
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These studies with NHC boranes also emphasize that boranes
other than dioxaborolanes can be useful in catalyzed electro-
philic borylations. This is an underexplored area and one that
may lead to distinct reactivity/products. This is exemplified by
the use of BF;/hindered amine FLPs to borylate activated
arenes. This enabled formation of trifluoroorganoborates by
electrophilic borylation. Notably, the addition of 5 mol %
tetramethylthiourea (TMTU) catalyzed this borylation process,
possibly by providing a lower barrier deprotonation pathway or
by enabling formation of different reactive electrophiles, e.g,
[(TMTU)BEF,]* cations.*

B APPROACH (Il) ARENE C—H FUNCTIONALIZATION
REQUIRING A 6-BOND METATHESIS STEP

Building on breakthroughs in FLP chemistry,”' in 2015
Fontaine and co-workers reported an FLP that catalyzed arene
C—H borylation with PinBH."” Vital to this process was linking
a C—H functionalization step with a o-bond metathesis step
(Scheme 8). C—H functionalization using 14 occurs under

Scheme 8. FLP C—H Functionalization, Dehydrocoupling,
and o-Bond Metathesis Combined into a Catalytic C—H

Borylation
&
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©
° /7
e e
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X —
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W/

"BPin |+HBPIn

HT N\ H
154 MeN

W
Savy

N
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milder conditions than that using hydroboranes that do not
contain a pendant base.”® Consistent with this, a single
borylation—deprotonation transition state was calculated using
14 (TS3), which can be viewed as a concerted SgAr type
process.” The concerted transition states accessible in systems
containing pendant bases enables what are relatively weak
(compared to boreniums) boron electrophiles to effect C—H
functionalization. Presumably, this is due to the preorganized
nature of unimolecular FLPs circumventing arenium inter-
mediates and a separate deprotonation step with an exogenous
base (which has a significant entropic penalty). It should be
noted that an initial endergonic step to form the active FLP 14 is
required, which can be termed a FLP preparation step. This step
is also present in derivatives of 14 and when using 6 and 9. It is
associated with dimer dissociation/cleavage of a dative bond to
access the FLP. This step has the effect of making the subsequent
energy profile more endergonic, with the preparation energy
required generally greater the lower the steric bulk is in the FLP.
Therefore, developing systems where the active FLP is the
resting state would be attractive for increasing the substrate
scope (as less nucleophilic arenes have higher C—H
functionalization barriers which combined with the FLP
preparation energy can preclude reactivity).

https://doi.org/10.1021/acscatal.3c01668
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Structure activity studies from the groups of Repo’’ and
Fontaine>* revealed that tuning the boron substituents and/or
reducing the steric bulk around N can reduce the barrier to C—H
functionalization. A significant impact on this step was observed
by altering the substituents at boron to generate more Lewis
acidic FLPs, with 15 (Scheme 9) able to effect C—H

Scheme 9. C—H Functionalization with the More Lewis
Acidic FLP 15“

NMe, +ArH
O o,
~w6ls
; ,

H
15

“Compounds 16 and inset 17 have not been reported to undergo o-
bond metathesis with hydroboranes to our knowledge.

functionalization of benzene in contrast to the BH, analogues.zo

However, while C—H activation and H, evolution are achieved
starting from 15 to form compounds of general formula 16, the
o-bond metathesis step between 16 and a hydroborane has not
been reported to date to our knowledge. The o-bond metathesis
step is unique to approach (ii) and is a key obstacle that has
prevented significant substrate expansion via this approach. This
is also highlighted by the nucleophilic heteroarene thiophene
provmg challengmg to borylate catalytically using 14 and
PinBH.'* In this case double C—H functionalization occurs,
e.g., to form 17, but 17 does not undergo o-bond metathesis
with PinBH. To date successful o-bond metathesis, and thus
turnover via approach (ii), has been limited to FLP catalysts
containing BH, units (e.g, 14). Finding alternative hydro-
boranes (to PinBH or CatBH) that undergo selective o-bond
metathesis with compounds such as 16 could significantly
expand the substrate scope via this approach, as would
identifying distinct BH,-containing FLPs that are more Lewis
acidic than 14 (to enable C—H functionalization of less
nucleophilic arenes) but still undergo metathesis with PinBH.
Analogues of 14 based on aluminum, e.g, 18 (Scheme 10
inset top), also have been shown to effect heteroarene C-H
functionalization and undergo dehydrocouphng However,
the metathesis step of species such as 19 with PinBH or CatBH

Scheme 10. Inset Top, FLP Mediated Alumination. Inset,
Top Right, TS6. Bottom, Calculated Mechanism Starting
from 8 That Proceeds via Zincation and Then 6-Bond
Metathesis

TS6
H"BCat

D|pp

N- Me—gxrrole

®[A|H2 -

Compound 18

@CA,D

Compound 19

[H-NRg]" CatB-indole
t +

Dipp Y Dipp

+ N-Me-indole /7 N /N + CatBH N
> Zn —_— Zn—H

0.0 T1S5=+14.0 l}l TS6 = +26.6 =N
1 Dipp (o-bond Dipp

(kealmor™) metathesis)
+8.8 +10.0
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has not been reported to date to our knowledge, suggesting it
either does not proceed or leads to complex mixtures. It should
be noted that a system closely related to 18 (with a NMe, umt)
does catalyze terminal alkyne C—H borylation with PinBH.*
However, many main group compounds have been reported that
catalyze alkyne C—H borylation, and this conversion is in
general less challenging than arene C—H borylation. Finally, in
this section, it is noteworthy that a zinc catalyzed C—H
functionalization/metathesis mechanism also was explored
computationally starting from compound 8.* This had an
overall free energy span for the borylation of N-Me-indole of
26.6 kcal mol™ (Scheme 10 bottom), in comparison to 22.4
kcalmol™ for that via approach (i) (shown in Scheme ). Note,
the cycle in Scheme 10 would be closed by the protonated amine
reacting with NacNacZnH (a process that was calculated to have
a low barrier and be highly exergonic). Notably, the major
contributor to the overall barrier to catalytic C—H borylation via
this approach is from the 6-bond metathesis step (TS6, Scheme
10, inset top right) and not the C—H metalation (TSS) step.
Thus, exploring other hydroboranes (beyond the usual suspects
of PinBH and CatBH) may facilitate this step and enable
catalytic borylation via this approach.

B OPERATIONALLY SIMPLE METHODOLOGIES

For a process to be widely used, it not only requires broad
applicability, but it also needs to be operationally simple. This
requires (pre)catalysts and reagents that are easy to handle
(ideally bench stable). This actually excludes CatBH due to its
sensitivity (to moisture) and its tendency to undergo substituent
scrambling (e.g, to B,Cat;); thus, PinBH is clearly preferable. In
this area, Fontaine and co-workers have progressed from their
initial sensitive (pre)catalysts to bench stable zwitterionic
precursors of general formula 20 (Scheme 11).*” The

Scheme 11. Bench Stable Zwitterion Precatalyst 20. Inset,
Compound 21 Produced on a Kilo Scale Using Precatalyst 20

21

+ HBpln NRz pPin
@E \
BF3 - FBPm BH, N
-H, \

20

combination of 20 with bench stable PinBH led to formation
of the active FLP in situ with PinB-F and H, as the byproducts.
This approach also was shown to be viable on a large scale. For
example, precatalyst 20 (where NR, = piperidine) could be
synthesized on a >100 g scale and was effective in the borylation
of a range of activated heteroarenes on scales up to 1 kg (for 21).

Other groups also have developed operationally simple main
group catalyzed borylation processes. For example, Zhang and
co-workers avoided the complex zinc cations shown in Scheme
S, instead using Zn(OTf), to achieve the C3 borylation of N-
Me-indoles using PinBH.*® Furthermore, the same group
achieved the C2 borylation of N-alkyl-indoles using PinBH
with substoichiometric PhCO,H as an activator, with the
intermediacy of L—BH; species derived from PinBH by
substituent scrambling proposed.*”

Bl CONCLUSIONS AND FUTURE OUTLOOK

Given the short time span since the 2010 report using 1 in
catalytic electrophilic borylation of arenes, notable advances
have been made. However, for the wide uptake of main group
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catalyzed arene borylation an operationally simple system with
broad scope is required. To date this has not been realized,
although recent breakthroughs have brought it closer. These
breakthroughs also have highlighted a number of pathways
worthy of further exploration which include for approach (i): (a)
utilizing bifunctional bases; (b) accessing boron electrophiles by
binding the activator to an O or the B—H to form borenium
equivalents; (c) minimizing the preparation energy required to
access active FLPs; (d) controlling the relative rates of
deprotonation versus isomerization to access alternative
borylation regioisomers. For approach (ii) many of the
considerations are the same as in (i), but this approach would
also benefit from more diverse FLPs (e.g., systems not based on
boron Lewis acids and not using a 1-amino-2-BR,-phenyl
structure) being explored. This may help solve the current
challenge associated with the o-bond metathesis step that
currently limits the substrate scope in catalytic electrophilic
borylation via approach (ii). Breakthroughs have also been
reported using boron electrophiles outside of the usual
dioxaborolane based systems. While this is an underexplored
area that can enable novel chemistry, it does introduce an
additional consideration—the primary products from C—H
borylation need to be synthetically useful in their own right, or
they must be able to be converted readily into useful
organoboranes, e.g., pinacol boronate esters.

Moving forward, the fact that the catalytic approaches
discussed above all rely on electrophile based C—H function-
alization steps is a limitation. It would be extremely interesting if
fundamentally different main group catalyzed arene borylation
routes could be developed. For example, is a strong Bronsted
base mediated catalytic borylation process feasible? Concep-
tually this would proceed via a strongly basic main group
compound metallating (deprotonating) an arene, and this would
be followed by reaction of the Aryl-M product with an
appropriate borane to form the arylborane, ideally with
concomitant regeneration of the strong Bronsted base. A step
toward this has been reported recently by Hevia and co-workers
(left, Scheme 12) who used NaTMP and B(O'Pr); (TMP =

Scheme 12. : Left, Strong Base Mediated Metalation/
Borylation. Right, C—H Borylation of CH, Using a Borenium
Cation

Csf's
B(O'Pr); ;
H / N
+ ]
H  NaTMP B(OP)s1°: <N\/)\B/CH3
PMDETA ! CHyH T
Ny —— X RT putinaiicd CstJ C
sadinl] Ao
& Z 1
FG G !

2,2,6,6-tetramethylpiperidine) in the presence of PMDETA
(PMDETA= N,N,N’,N”,N”-pentamethyldiethylenetriamine) to
effect C—H borylation.** The borylation proceeds via a C—H
metalation step to form an aryl-sodium complex that then
arylates B(O'Pr);, with the latter step key to drive the C—H
metalation to completion. This work is an extension beyond the
classical stepwise ArylC—H metalation/B(OR); trapping—as
NaTMP and B(O'Pr); are mutually compatible, i.e., they do not
react irreversibly with each other. If a related system could be
made to turnover, then it would be complementary to catalytic
electrophilic borylation methods. The complementarity is
indicated by the stoichiometric NaTMP/B(O'Pr); system
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being able to borylate the highly deactivated (in term of
nucleophilicity) arene PhCF;. However, there are still significant
challenges to overcome to combine metalation with a
subsequent step (e.g, metathesis with a borane)*' that would
regenerate the strong base and close the cycle.

Finally, Vedejs’ seminal work on intramolecular borylation
offers a different mechanistic pathway to achieve C—H
borylation.*” This proceeds viaa C—H/B—H o-bond metathesis
type transition state (inset, Scheme 12). This approach, while
demonstrated in intramolecular catalytic borylation chemistry,**
is underexplored in intermolecular borylation, but it has
significant potential. The potential is best demonstrated by the
recent report from Wang and co-workers on the borylation of
methane with a borenium cation (right, Scheme 12).** While
this was not catalytic (in the electrophilic activator), it does
indicate that with the right system main group catalyzed
electrophilic alkane borylation is possible, which would be a
highly notable breakthrough.

B AUTHOR INFORMATION

Corresponding Author
Michael J. Ingleson — EaStCHEM School of Chemistry,
University of Edinburgh, Edinburgh EH9 3F], United
Kingdom; ® orcid.org/0000-0001-9975-8302;
Email: Michael.ingleson@ed.ac.uk

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3¢01668

Author Contributions
The manuscript was written through contributions of all
authors.

Notes
The author declares no competing financial interest.

B ACKNOWLEDGMENTS

This project has received funding from the EPSRC (EP/
V03829X/1) and the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation
program (grant agreement No. 769599). Prof. S. P. Thomas and
Dr. M. Bisai are thanked for useful discussions.

B REFERENCES

(1) Hall, D. Boronic Acids: Preparation and Applications; Wiley-VCH:
Weinheim, Germany, 2011.

(2) For arecent review on metal-catalyzed C—H borylation, see: Bisht,
R.; Haldar, C,; Hassan, M. M. M,; Hoque, M. E.; Chaturvedi, J.;
Chattopadhyay, B. Metal-catalysed C—H bond activation and
borylation. Chem. Soc. Rev. 2022, 51, 5042—5100.

(3) Wright, J. S.; Scott, P. J. H.; Steel, P. G. Iridium-Catalysed C—H
Borylation of Heteroarenes: Balancing Steric and Electronic Regiocon-
trol. Angew. Chem., Int. Ed. 2021, 60, 2796—2821.

(4) See (and references therein): Inoue, S.; Melen, R. L.; Harder, S.
Main Group Catalysis. Eur. J. Inorg. Chem. 2022, 2022, €20220041.

(5) For recent reviews, see: (a) Hazra, S.; Mahato, S.; Das, K. K;
Panda, S. Transition-Metal-Free Heterocyclic Carbon-Boron Bond
Formation. Chem.—Eur. J. 2022, 28, €202200556. (b) Tan, X.; Wang,
H. Recent advances in borenium catalysis. Chem. Soc. Rev. 2022, S1,
2583—2600. (c) Desrosiers, V.; Fontaine, F.-G. Boron Lewis Pair
Mediated C-H activation and Borylation. Synthesis 2021, 53, 4599—
4613.

(6) (a) Mayr, H.; Kempf, B.; Ofial, A. R. z-Nucleophilicity in Carbon-
Carbon Bond-Forming Reactions. Acc. Chem. Res. 2003, 36, 66—77.
(b) For Mayr’s Database of Reactivity parameters, see: https://www.

https://doi.org/10.1021/acscatal.3c01668
ACS Catal. 2023, 13, 7691-7697


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Ingleson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9975-8302
mailto:Michael.ingleson@ed.ac.uk
https://pubs.acs.org/doi/10.1021/acscatal.3c01668?ref=pdf
https://doi.org/10.1039/D1CS01012C
https://doi.org/10.1039/D1CS01012C
https://doi.org/10.1002/anie.202001520
https://doi.org/10.1002/anie.202001520
https://doi.org/10.1002/anie.202001520
https://doi.org/10.1002/ejic.202200414
https://doi.org/10.1002/chem.202200556
https://doi.org/10.1002/chem.202200556
https://doi.org/10.1039/D2CS00044J
https://doi.org/10.1055/a-1561-7953
https://doi.org/10.1055/a-1561-7953
https://doi.org/10.1021/ar020094c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar020094c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/
https://pubs.acs.org/doi/10.1021/acscatal.3c01668?fig=sch12&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01668?fig=sch12&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

cup.lmu.de/oc/mayr/reaktionsdatenbank/ (accessed on March 31,
2023).

(7) Rej, S.; Chatani, N. Regio-Selective Transition-Metal-Free
C(sp?)—H Borylation: A Subject of Practical and Ongoing Interest in
Synthetic Organic Chemistry. Angew. Chem., Int. Ed. 2022, 61,
€202209539.

(8) Igbal, S. A; Pahl, J.; Yuan, K; Ingleson, M. J. Intramolecular
(directed) electrophilic C—H borylation. Chem. Soc. Rev. 2020, 49,
4564—4591.

(9) Galabov, B.; Nalbantova, D.; Schleyer, P. v. R.; Schaefer, H. F.
Electrophilic Aromatic Substitution: New Insights into an Old Class of
Reactions. Acc. Chem. Res. 2016, 49, 1191—1199.

(10) [H]" indicates the proton is ligated by solvent, anion, and/or
another base(s).

(11) Ingleson, M. J. A Perspective on Direct Electrophilic Borylation.
Synlett 2012, 23, 1411—1415.

(12) For recent reviews see: (a) Soltani, Y.; Fontaine, F. G. FLP-
Mediated C—H Activation. In Frustrated Lewis Pairs; Springer Nature:
Basel, Switzerland, 2021; pp 113—166. (b) Stephan, D. W. Diverse Uses
of the Reaction of Frustrated Lewis Pair with Hydrogen. J. Am. Chem.
Soc. 2021, 143, 20002—20014.

(13) Del Grosso, A.; Pritchard, R. G.; Muryn, C. A; Ingleson, M. J.
Chelate Restrained Boron Cations for Intermolecular Electrophilic
Arene Borylation. Organometallics 2010, 29, 241—249.

(14) Reed, C. A. H, CH;* and R;Si* Carborane Reagents: When
Triflates Fail. Acc. Chem. Res. 2010, 43, 121—128.

(15) Tan, X.; Wang, X; Li, Z. H.; Wang, H. Borenium-Ion-Catalyzed
C—H Borylation of Arenes. J. Am. Chem. Soc. 2022, 144,23286—23291.

(16) For three select examples published at a similar time, see: (a) Yin,
Q.; Klare, H. F. T.; Oestreich, M. Catalytic Friedel-Crafts C—H
Borylation of Electron-Rich Arenes: Dramatic Rate Acceleration by
Added Alkenes. Angew. Chem., Int. Ed. 2017, 56,3712—3717. (b) Kitani,
F.; Takita, R.; Imahori, T.; Uchiyama, M. Catalytic Aromatic Borylation
via in-situ Generated Borenium Species. Heterocycles 2017, 95, 158—
166. (c) Liu, Y.-L,; Kehr, G; Daniliuc, C. G.; Erker, G. Metal-Free
Arene and Heteroarene Borylation Catalyzed by Strongly Electrophilic
Bis-boranes. Chem.—Eur. J. 2017, 23, 12141—12144.

(17) For CatBH, see: (a) Westcott, S. A,; Blom, H. P.; Marder, T. B.;
Baker, R. T.; Calabrese, J. C. Nucleophile Promoted Degradation of
Catecholborane: consequences for Transition Metal-Catalyzed Hydro-
borations. Inorg. Chem. 1993, 32, 2175—2182. For PinBH, see:
(b) Bage, A. D.; Hunt, T. A.; Thomas, S. P. Hidden Boron Catalysis:
Nucleophile-Promoted Decomposition of HBPin. Org. Lett. 2020, 22,
4107—4112.

(18) Jayaraman, A.; Powell-Davies, H.; Fontaine, F.-G. Revisiting the
reduction of indoles by hydroboranes: A combined experimental and
computational study. Tetrahedron 2019, 75, 2118—2127.

(19) Lawson, J. R;; Clark, E. R.; Cade, 1. A.; Solomon, S. A.; Ingleson,
M. J. Haloboration of Internal Alkynes with Boronium an Borenium
Cations as a Route to Tetrasubstituted Alkenes. Angew. Chem., Int. Ed.
2013, 52, 7518—7522.

(20) Chernichenko, K.; Lindqvist, M.; Kotai, B.; Nieger, M,;
Sorochkina, K.; Pdpai, I; Repo, T. Metal-Free sp>-C-H Borylation as
a Common Reactivity Pattern of Frustrated 2-Aminophenylboranes. J.
Am. Chem. Soc. 2016, 138, 4860—4868.

(21) Desrosiers, V.; Gaudy, A.; Giroux, K.-A; Fontaine, F.-G. Metal-
Free Transfer C-H borylation of Substituted Thiophenes. ZAAC 2023,
649, €202300006.

(22) Hence [PinB—L]" species are weaker Lewis acids than [CatB—
L]* for a fixed L, see: Del Grosso, A.; Singleton, P. J.; Muryn, C. A;
Ingleson, M. J. Pinacol Boronates by Direct Arene Borylation with
Borenium Cations. Angew. Chem., Int. Ed. 2011, 50, 2102—2106.

(23) Grundy, M. E.; Yuan, K; Nichol, G. S.; Ingleson, M. J. Zinc
catalysed electrophilic C—H borylation of heteroarenes. Chem. Sci.
2021, 12, 8190—8198.

(24) Grundy, M. E; Sotorrios, L.; Bisai, M. K.; Yuan, K.; Macgregor, S.
A.; Ingleson, M. J. Understanding and Expanding Zinc Cation/amine
Frustrated Lewis Pair Catalyzed C-H Borylation. ACS Catal. 2023, 13,
2286—2294.

7697

(25) 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—931.

(26) “'CatBH, was required as CatBH itself underwent C—H
borylation in initial studies.

(27) Bagutski, V.; Del Grosso, A.; Carrillo, J. A.; Cade, I. A.; Helm, M.
D.; Lawson, J. R;; Singleton, P. J.; Solomon, S. A.; Marcelli, T.; Ingleson,
M. J. Mechanistic Studies into Amine-Mediated Electrophilic Arene
Borylation and Its Application in MIDA Boronate Synthesis. J. Am.
Chem. Soc. 2013, 135, 474—487.

(28) McGough, J. S.; Cid, J.; Ingleson, M. J. Catalytic Electrophilic C-
H Borylation Using NHC Boranes and Iodine Forms C2-, not C3-,
Borylated Indoles. Chem.—Eur. J. 2017, 23, 8180—8184.

(29) Matsui, K; Oda, S.; Yoshiura, K;; Nakajima, K; Yasuda, N;
Hatakeyama, T. One-Shot Multiple Borylation toward BN-Doped
Nanographenes. J. Am. Chem. Soc. 2018, 140, 1195—1198.

(30) Iashin, V.; Berta, D.; Chernichenko, K.; Nieger, M.; Moslova, K.;
Papai, I; Repo, T. Metal-Free C-H Borylation of N-Heteroarenes by
Boron Trifluoride. Chem.—Eur. ]. 2020, 26, 13873—13879.

(31) Chernichenko, K.; Madardsz, A.; Pépai, I; Nieger, M.; Leskeld,
M.; Repo, T. A frustrated-Lewis-pair approach to catalytic reduction of
alkynes to cis-alkenes. Nat. Chem. 2013, 5, 718—723. .

(32) Légaré, M.-A; Courtemanche, M.-A.; Rochette, E.; Fontaine, F.-
G. Metal-free catalytic C-H bond activation and borylation of
heteroarenes. Science 2015, 349, 513—516.

(33) Varela, J. A.; Pena, D.; Goldfuss, B.; Denisenko, D.; Kulhanek, J.;
Polborn, K.; Knochel, P. Diastereoselective Remote C-H Activation by
Hydroboration. Chem.—Eur. J. 2004, 10, 4252—4264.

(34) Lavergne, J. L.; Jayaraman, A,; Castro, L. C. M.; Rochette, E.;
Fontaine, F.-G. Metal-Free Borylation of Heteroarene Using
Ambiphilic Aminoboranes: On the Importance of Sterics in Frustrated
Lewis Pair C-H Bond Activation. J. Am. Chem. Soc. 2017, 139, 14714—
14723.

(35) Chen, S.; Li, B.; Wang, X.; Huang, Y.; Li, J.; Zhu, H.; Zhao, L,
Frenking, G.; Roesky, H. W. A C(sp*)-H Dehydrogenation of
Heteroarene and Arenes by a Functionalized Aluminium Hydride.
Chem.—Eur. J. 2017, 23, 13633—13637.

(36) Willcox, D. R.; De Rosa, D. M.; Howley, J.; Levy, A; Steven, A,;
Nichol, G. S.; Morrison, C. A.; Cowley, M. J.; Thomas, S. P.
Aluminium-Catalyzed C(sp)-H Borylation of Alkynes. Angew. Chem.,
Int. Ed. 2021, 60, 20672—20677.

(37) Jayaraman, A.; Castro, L. C. M.; Fontaine, F.-G. Practical and
Scalable Synthesis of Borylated Heterocycles Using Bench-Stable
Precursors of Metal-Free Lewis Pair Catalysts. Org. Process. Res. Dev.
2018, 22, 1489—1499.

(38) Zhang, B,; Zou, Y.; Wang, L.; Zhang, H. Zinc catalyzed C3-H
borylation of indoles and 1,1-diboration of terminal alkynes. Chem.
Commun. 2021, 57, 11185.

(39) Zou, Y.; Zhang, B.; Wang, L.; Zhang, H. Benzoic Acid-Promoted
C2-H Borylation of Indoles with Pinacolborane. Org. Lett. 2021, 23,
2821—-282S.

(40) Bole, L. J.; Tortajada, A,; Hevia, E. Enhancing Metalating
Efficiency of the Sodium Amide NaTMP in Arene borylation
Applications. Angew. Chem., Int. Ed. 2022, 61, €202204262.

(41) Uzelac, M.; Yuan, K.; Nichol, G. S.; Ingleson, M. J. Formation of a
hydride containing amido-zincate using pinacolborane. Dalton. Trans.
2021, 50, 14018—14027.

(42) De Vries, T. S.; Prokofjevs, A.; Vedejs, E. Cationic Tricoordinate
Boron Intermediates: Borenium Chemistry from the Organic
Perspective. Chem. Rev. 2012, 112, 4246—4282.

(43) Prokofjevs, A.; Jermaks, J.; Borovika, A.; Kampf, J. W.; Vedejs, E.
Electrophilic C-H Borylation and Related Reactions of B-H Boron
Caions. Organometallics 2013, 32, 6701—6711.

(44) Liu, Y.; Dong, W.; Li, Z. H.; Wang, H. Methane Activation by a
borenium complex. Chem. 2021, 7, 1843—1851.

https://doi.org/10.1021/acscatal.3c01668
ACS Catal. 2023, 13, 7691-7697


https://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/
https://doi.org/10.1002/anie.202209539
https://doi.org/10.1002/anie.202209539
https://doi.org/10.1002/anie.202209539
https://doi.org/10.1039/C9CS00763F
https://doi.org/10.1039/C9CS00763F
https://doi.org/10.1021/acs.accounts.6b00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0031-1291147
https://doi.org/10.1021/jacs.1c10845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900893g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900893g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar900159e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar900159e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201611536
https://doi.org/10.1002/anie.201611536
https://doi.org/10.1002/anie.201611536
https://doi.org/10.3987/COM-16-S(S)43
https://doi.org/10.3987/COM-16-S(S)43
https://doi.org/10.1002/chem.201701771
https://doi.org/10.1002/chem.201701771
https://doi.org/10.1002/chem.201701771
https://doi.org/10.1021/ic00062a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00062a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00062a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2019.02.048
https://doi.org/10.1016/j.tet.2019.02.048
https://doi.org/10.1016/j.tet.2019.02.048
https://doi.org/10.1002/anie.201302609
https://doi.org/10.1002/anie.201302609
https://doi.org/10.1021/jacs.6b00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.202300006
https://doi.org/10.1002/zaac.202300006
https://doi.org/10.1002/anie.201006196
https://doi.org/10.1002/anie.201006196
https://doi.org/10.1039/D1SC01883C
https://doi.org/10.1039/D1SC01883C
https://doi.org/10.1021/acscatal.2c05995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c05995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900206p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3100963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3100963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201702060
https://doi.org/10.1002/chem.201702060
https://doi.org/10.1002/chem.201702060
https://doi.org/10.1021/jacs.7b10578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202001436
https://doi.org/10.1002/chem.202001436
https://doi.org/10.1038/nchem.1693
https://doi.org/10.1038/nchem.1693
https://doi.org/10.1126/science.aab3591
https://doi.org/10.1126/science.aab3591
https://doi.org/10.1002/chem.200400023
https://doi.org/10.1002/chem.200400023
https://doi.org/10.1021/jacs.7b08143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201703804
https://doi.org/10.1002/chem.201703804
https://doi.org/10.1002/anie.202106216
https://doi.org/10.1021/acs.oprd.8b00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.8b00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.8b00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC04497D
https://doi.org/10.1039/D1CC04497D
https://doi.org/10.1021/acs.orglett.1c00809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202204262
https://doi.org/10.1002/anie.202204262
https://doi.org/10.1002/anie.202204262
https://doi.org/10.1039/D1DT02580E
https://doi.org/10.1039/D1DT02580E
https://doi.org/10.1021/cr200133c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200133c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200133c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400651p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400651p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2021.03.010
https://doi.org/10.1016/j.chempr.2021.03.010
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

