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1. Introduction

Compounds bearing heteroaromatic scaffolds feature
prevalently in pharmaceuticals, bioactive molecules, ligands
for metal complexes, natural products, agrochemicals, and
other functional materials.[1–7] Therefore, atom-economical,
streamlined syntheses of these molecules are of commercial
value. Most heteroarenes are traditionally prepared by de
novo synthesis and variation of substitution patterns can often
require considerable synthetic effort. Consequently, methods
that enable late-stage modification have become desirable. In
particular, C@H activation strategies that improve overall
atom- and step-economy have attracted the attention of many
research groups in both academic and industrial settings, and
numerous synthetic procedures for the formation of carbon–
carbon and carbon–heteroatom bonds based on C@H bond
activation strategies have been developed. Reflecting the
versatility enabled by a C@B bond, iridium-catalysed C@H
borylation has become a major option for this chemistry.
However, the regioselectivity of heteroarene C@H borylation
can be challenging to predict and rationalise, and this review
summarises current understanding of this important trans-
formation.

2. Aromatic Boronate Esters

2.1. Introduction to Organoboron Compounds

Although organoboron compounds do not appear in
nature, applications are emerging in radiochemistry, chemical
biology, and medicinal chemistry as well as polymers and
other functional materials (Figure 1).[8–18] However, the great-
est use of these compounds resides in their use as reagents for
synthesis. In 1979, Suzuki and Miyaura reported that organo-
boron compounds could be cross-coupled with organohalides
to form C@C bonds with catalytic quantities of Pd.[19,20] This is

now the second most practiced reac-
tion in medicinal chemistry and natu-
ral product synthesis.[21] Subsequently,
many other useful transformations of
the C@B bond have been devel-
oped,[22–27] which has secured the
status of organoboron compounds as
important intermediates in synthesis.

A variety of organoboron derivatives (Figure 2) including
boranes, boronic acids, boronic (boronate) esters, borinic
acids, borinic esters, boroxines, and trifluoroborates have
been employed in these roles, with the boronate ester being
the most frequently used. This reflects their ease of handling,
good reactivity, and solubility and, when compared with
alternative organometallic analogues, such as organostan-
nane, organozinc and organocopper reagents, greater air
stability, lower toxicity, and commercial availability.[28, 29]

Whilst alkyl and alkenyl boronate compounds are widely
used and find growing application, the most important class of
boronate esters are the aromatic derivatives.

2.2. Synthesis of Aromatic Organoboron Compounds

Traditionally, aromatic boronate esters have been syn-
thesised by metalation of a C@H or C@X bond (X = Cl, Br, I)
by a representative organometallic reagent, followed by
reaction with a borate ester (Scheme 1a,b).[30, 31] Whilst this
strategy carries advantages, such as low reagent cost and
operational simplicity, there are limitations. For instance, in
C@H metalation a directing/activating group can be required
to provide C@H reactivity and selectivity. This is less
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Figure 1. Applications of organoboron compounds. MIDA=N-methyl-
iminodiacetic acid.

Figure 2. Selected classes of organoboron compounds.

Scheme 1. Selected syntheses of aryl organoboron compounds; liter-
ature references given in square brackets. dppf =1,1’-bis(diphenylphos-
phino)ferrocene, pin= pinacolyl, TMEDA= tetramethylethylene-
diamine.
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problematic in metal–halogen exchange, which is typically
faster than C@H deprotonation. However, prefunctionalisa-
tion is required to generate the haloarene precursor. Fur-
thermore, the hard bases required offer poor functional group
tolerance. In this context, transition metal catalysts are
attractive because they can offer superior scope, milder
reaction conditions, and improved atom economy (Scheme
1c).[27,32–34] Whilst this approach is amenable to late-stage
functionalisation, it remains limited by the requirement for
a prefunctionalised aromatic halide.

A simpler approach to borylation involves the direct
transformation of a C@H to a C@B bond. To a significant
extent, catalytic borylation of aromatic C@H bonds has
addressed many of the shortcomings of these other strategies.

3. Aromatic C@H Borylation

Arene C@H borylation, the direct conversion of a C@H
bond to a C@B bond, can be achieved by electrophilic and
frustrated Lewis pairs (FLP), or metal-catalysed pathways.
The first of these, involving the reaction of an arene with an in
situ generated borenium ion, is generally limited to more
nucleophilic arenes, including various heterocyclic systems
such as carbazole 7 (Scheme 2a).[35] Aminoborane frustrated
Lewis pairs (FLPs) enable the catalytic dehydrogenative C@H
borylation of electron-rich (hetero)arenes, with similar site-
selectivities (Scheme 2 b).[36] Sterically controlled electro-
philic C@H borylation of arenes can also be accomplished
using boron triiodide (Scheme 2c).[37] Much greater substrate

scope has been achieved using a number of transition metal
catalysts. Of these, iridium trisboryl complexes have become
the catalyst system of choice and this review will focus on the
application of these systems in the borylation of heterocyclic
substrates. Whilst other transition metal complexes including
those containing Pd, Co, Fe, Zn, Ru, Ni, Pt, Rh, and Mn also
promote similar transformations, these will only be discussed
when they offer a distinct advantage in regiocontrol.[38–46]

3.1. Ir-Catalysed Arene C@H Borylation

Building on earlier work using other iridium boryl
complexes,[47–49] independent publications by Smith (Scheme
3a) and Hartwig, Ishiyama, and Miyaura (Scheme 3b)
described the catalytic borylation of aryl C@H bonds with
phosphine or bipyridine IrIII trisboryl complexes, respec-
tively.[50, 51] Reflecting higher turnover numbers and more
stable catalysts, most C@H borylations are now conducted
with variations of the latter system using a combination of
[Ir(cod)(OMe)]2, 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy) or
3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen) as the
ligand and B2pin2 or HBpin as the boron source.[51–54]

The generally accepted mechanism involves a catalytic
cycle that oscillates between IrIII/IrV intermediates, with the
key step involving the activation of the arene C@H bond by
the pentacoordinate bipyridyl trisboryl complex 18
(Scheme 4).[55–59] Although early computational studies sup-
ported the intermediacy of an organoiridium species formed
by an oxidative addition pathway, a concerted s-bond meta-
thesis pathway influenced by the basicity of the boryl ligands
has yet to be ruled out. Consistent with this, calculated
transition state energies correlate well with developing
negative charge during C@H cleavage at unhindered sites in
benzene derivatives.[60] However, Houk et al., in more recent
work using distortion/interaction analysis, has demonstrated
that a better measure is Ir@C bond strengths which give
a robust predictor of regioselectivity.[61] Boryl-assisted reduc-
tive elimination from this highly sterically crowded inter-
mediate 19 produces the aryl boronate and an IrIII bisboryl
hydride 20. The cycle is then completed via the oxidative
addition of B2pin2 or HBpin, followed by the reductive
elimination of HBpin or H2, respectively, to regenerate 18. As
such, the catalysis can be divided into two distinct cycles
according to the boron reagent involved, with B2pin2 reacting

Scheme 2. Selected examples of electrophilic aromatic C@H borylation
mediated by a) a borenium cation, b) frustrated Lewis pair catalysis,
c) BI3.

Scheme 3. Seminal reports of Ir-catalysed C@H borylation. bpy = 2,2’-
bipyridine, cod = 1,5-cyclooctadiene, dmpe = 1,2-bis(dimethylphosphi-
no)ethane, Ind = indenyl.
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preferentially to HBpin. In general, electron-deficient arenes
are more active than electron-rich counterparts and the
reaction shows good functional group tolerance with a wide
range of functional groups being accepted.

Due to the sterically crowded nature of the catalytically
active species, regioselectivity is generally dominated by
steric effects (Scheme 5), with the most accessible positions
preferentially activated. The borylation of 1,2-disubstituted
arenes and symmetrical 1,3-disubstituted arenes, 22 and 24,
proceeds at the uncongested C@H bonds (no ortho substitu-
ents) affording a single product (Scheme 5a,b). If the catalyst
is not offered an unhindered C@H site, borylation ortho to
moderately sized substituents can occur, albeit with lower

rates and conversions (Scheme 5c).[62] Substrates with multi-
ple accessible sites give mixtures of products, with monosub-
stituted arenes such as toluene affording statistical product
mixtures at elevated temperatures (Scheme 5d).[51] At lower
temperatures, isomer distributions deviate from sterically
determined statistical ratios, alluding to an underlying
electronic selectivity. In general, p-electron acceptors (@M)
favour para borylation, and p-donors (+ M) (also s-accept-
ors) favour meta borylation. (Scheme 5e).[55] Borylation ortho
to small strongly electron-withdrawing substituents (F, CN) is
facile, potentially reflecting an electronic activating effect
(Scheme 5 f).[63, 64] Clearer evidence for intrinsic electronic
selectivity is seen with benzodioxole 36, which borylates with
near complete selectivity at the more hindered ortho position,
despite the presence of uncongested C@H sites (Scheme
5g).[60] This is attributed to the enhanced acidity of these C@H
bonds and relates to the intrinsic selectivity observed in many
heterocyclic systems discussed below. Reflecting these obser-
vations, a major challenge in C@H borylation has been to
develop methodologies that afford good levels of control in
sterically uncongested substrates, and a number of elegant
strategies have been reported which accomplish this. A
comprehensive discussion of these is beyond the scope of
this article and the interested reader is directed to more
specialised reviews.[65–67] For example, it is possible to use
groups within the coordination sphere of the Ir complex to
direct the borylation via chelation control. This may be
achieved using both inner-sphere and outer-sphere directed
processes (Figure 3).

Typically, in inner-sphere directed borylation (Figure 3 a)
a substrate containing a ligating element coordinates to the Ir

Scheme 5. Ir-catalyzed C@H borylation of arenes. mtbe= methyl tert-butyl ether (IUPAC: 2-methoxy-2-methylpropane).

Scheme 4. Catalytic cycles of the Ir-catalysed C@H borylation depicting
catalyst regeneration using B2pin2 (blue) and HBpin (red). coe =cy-
clooctene.
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centre, thereby orientating a specific C@H bond for activa-
tion. For example, ortho-selective borylation of 44 occurs on
reaction with a [Silica-SMAP]Ir(Bpin)3 complex (Scheme
6a).[68–71] Whilst most of these approaches lead to borylation
ortho to a coordinating group, more remote C@H activation
can occur in relay inner-sphere borylation (Figure 3b). In this
process, the substrate contains an additional reactive func-
tional group which can ligate the metal centre, displacing one
of the boron ligands. As such, binding of the directing group
with the metal centre does not necessarily require additional
vacant coordination sites.[72–76] One such example involves the
borylation of hydrosilyl arene 46, which undergoes selective
ortho C@H activation following substrate binding to the Ir
centre via addition of the Si@H bond (Scheme 6b). Outer-
sphere directed borylation is a complementary process in
which a substrate interaction with a ligand of the catalytically
active species leads to regioselective C@H activation (Fig-
ure 3c). For example, an in situ N-borylated aniline 51
undergoes selective ortho C-borylation facilitated by a hydro-
gen bond between the aniline N@H and an O atom of the
boryl ligand on the active catalyst, as shown in 51 a
(Scheme 6c).[77–79] Anilines protected with Boc show similar
outer-sphere directing effects.

As with inner-sphere direction, a variety of ingenious
ligands have been described that enable selective borylation
at more remote meta and para positions.[80–86] An alternative
strategy has been to design systems that create sterically well-
defined environments that limit accessibility of the substrate
to the catalyst (Scheme 7). For example, para C@H borylation
of aromatic esters and amides can be obtained using
cooperative Ir/Al catalysis in which substrate complexation
with bulky Lewis acids such as methylaluminum bis(2,6-di-
tert-butyl-4-methylphenoxide) (MAD) 54 limits access to the
ortho and meta positions (Scheme 7a).[87] Enhanced para
selectivity is similarly observed in the borylation of sulfamate
and sulfate salts in which a tetraalkylammonium counterion
shields nominally active meta C@H sites (Scheme 7b,c).[88,89]

In a ligand-based approach, the use of the bulky phosphine

ligand L3 creates a flexible reaction pocket at the active
catalyst which inhibits the access to meta aryl C@H bonds
(Scheme 7d).[90, 91]

Finally, whilst most ligands are based on a simple
bipyridine template, Smith and Maleczka have excitingly
shown that alternative motifs have considerable potential to
enhance selectivity, with hindered electron-rich ligands dipyr-
idylmethane (dpm, L4) and 4,4’-bis(dimethylamino)-2,2’-
dipyridyl)methane (dmadpm, L5) favouring steric control,
and unhindered electron-poor ligands 2,2’-bis-2-oxazoline
(bozo, L6) and 2,2’-bis[(4S)-4-benzyl-2-oxazoline] (bnbozo,
L7), favouring greater degrees of electronic control (Scheme
7e).[92]

Figure 3. Directed C@H borylation. a) Inner-sphere, b) relay, and
c) outer-sphere mechanisms.

Scheme 6. Directed ortho borylation by a) inner-sphere control using
Silica-SMAP, b) relay inner-sphere borylation, c) outer-sphere mediated
coordination.
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4. Borylation of Heteroarenes

The Ir-catalysed C@H borylation lends itself well to the
late-stage functionalisation of heterocycles because, reflecting
the higher C@H acidity of heteroarene C@H bonds, the
reactivity of substituted heteroarenes is typically higher than
the equivalent benzenoid systems. For example, 2-phenyl-
pyridine (64) is exclusively borylated in the heterocyclic ring
(Scheme 8).[93]

In contrast to the sterically dominated selectivity
observed in carbocyclic arenes, heteroarenes can show
a higher degree of intrinsic electronic regiocontrol. It is
frequently observed that sterically encumbered C@H bonds
can be activated over unencumbered ones, and the position
and/or nature of constituent heteroatoms can significantly
affect regioselectivity.[92, 94, 95] This review outlines the regio-
selectivity in the Ir-catalysed C@H borylation of heteroarenes.
It will focus on intrinsic substrate-based selectivity but
highlight examples in which designer catalysts of the types
discussed in Section 3.1 have been used to impose reagent-
based regiocontrol. It is organised by substrate classes
according to ring system (mono-, bi-, polycyclic), ring size
(5/6), and number of heteroatoms. Heteroarenes that do not
fit into these simple categories are discussed in Section 4.8.

4.1. Five-Membered, Monocyclic, One Heteroatom
4.1.1. Pyrrole, Thiophene, and Furan

Compared to electron-rich carbocyclic arenes, pyrroles,
thiophenes, and furans react much more rapidly and, even in
the presence of 10 equivalents of arene, afford a mixture of
mono- and bisborylated products (Scheme 9a). Using excess
arene leads to higher selectivity for the monoborylated
product, but in the case of thiophene this is accompanied by
lower efficiency, potentially due to an inhibitory coordinating
effect of the sulfur atom on the catalyst. Borylation occurs
preferentially at the a position (C-2 and C-5) owing to the
enhanced C@H acidity associated with the adjacent heter-
oatom. Reflecting the more pronounced electronegativity of
O and hence enhanced reactivity of this heterocycle, lower
regioselectivity can be observed in reactions of furans, with
small amounts of b-boryl isomers being detected (Scheme
9b).[96] All of these heterocycles display high reactivity at
room temperature, at which selectivity for furan is improved
(Scheme 9c).[97]

Substituents have a similar steric influence as observed in
carbocyclic substrates, with reaction occurring preferentially

Scheme 7. Reagent-based regiocontrolled C@H borylation.

Scheme 8. C@H borylation of 2-phenylpyridine.
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at positions lacking ortho substituents.[63, 97, 98] Consequently, 2-
and 3- and 2,3-substituted heterocycles undergo C@H bor-
ylation a to the heteroatom at C-5 (Scheme 10 a–c). However,
reflecting expanded bond angles relative to benzene deriva-
tives, ortho substituents are more readily tolerated. For
example, some borylation ortho to the methyl group in 76
was observed at room temperature, with the major site of C@
H activation occurring ortho to the nitrile group owing to its
lower steric requirement (Scheme 10d).

The C@H borylation of substituted thiophenes has been
thoroughly investigated and these also can undergo reactions
at C@H sites that are sterically congested (Scheme 11).[99] For
example, the catalyst does not distinguish between the
hindered and unhindered a sites in 3-cyanothiophene
(Scheme 11a). Furthermore, when a tandem C@H silylation/
borylation sequence is used, C-3 borylation of 82 can occur
ortho to an ethyl group (Scheme 11 b).[100] Given that proto-
desilylation is straightforward, a sequence involving silyla-
tion/borylation/protodesilylation potentially provides a route
for formal selective ortho borylation of a 2-substituted
thiophene (see also Section 4.4). As with other arenes,
reactivity is highly dependent on both the size and electronic
nature of the substituents. For example, 2,5-dibromothio-
phene (84) reacts at room temperature to afford 85 (Scheme
11c), whereas the more hindered (AMe& 7 kJmol@1, ABr

& 2 kJmol@1) and electron-rich dimethylthiophene (86)
requires more forcing conditions for efficient borylation
(Scheme 11d).[99, 101] Unsymmetrical 2,5-disubstituted thio-

phenes undergo borylation with selectivities that reflect the
size of their substituents (Scheme 11 e).

Pyrrole is unique in that the N-substituent can influence
the regioselectivity of the borylation reaction. Whilst the
parent heterocycle borylates at C-2, N-methylpyrrole (91 a)
affords a mixture of the 2- and 3-borylated products in a 76:24
ratio (Scheme 12a), substrates with larger N-substituents
(TIPS, Boc, Bpin) exclusively give b-borylated pyrroles
(Scheme 12a,b).[78, 96, 102,103] Whilst TIPS and Boc need to be
introduced in a discrete step, Bpin may be installed and
removed in situ to provide a “traceless” b-directed pyrrole
borylation (Scheme 12 c).[78]

Alternative C@H borylation selectivities in pyrrole, thio-
phene, and furan may be obtained using inner- and outer-
sphere directing effects (Scheme 13). Most use specifically
designed ligands, although a notable exception is the use of
the dithiane-containing substrate 98. This ligand-free process
affords the 3-borylated thiophene in the presence of an
unhindered a C@H bond (Scheme 13a), with the dithiane
acting as both substrate and ligand.[104] Good levels of ortho
selectivity in the borylation of pyrrole, thiophene, and furanyl
ketones, esters, and amides can be achieved using inner-
sphere directing effects, enabled by specific ligands including
AsPh3,

[105] silyl/phosphorus donor chelates,[106] and Silica-
SMAP,[71] (Scheme 13b–e). Control experiments indicated
that the use of AsPh3 provides complementary regioselectiv-
ity to that observed with dtbpy, and this method probably
relies on the lability of the ligand to produce an open
coordination site and enable inner-sphere direction. This
hypothesis is supported by the observation that a chloro

Scheme 10. C@H borylation of substituted pyrroles, thiophenes, and
furans. dba= dibenzylideneacetone, Q-phos=1’-[bis(1,1-dimethyl-
ethyl)phosphino]-1,2,3,4,5-pentaphenylferrocene.Scheme 9. C-2 selective C@H borylation of pyrrole, thiophene, and

furan using a) excess heterocycle (* C-3-borylated furan also observed),
b) stoichiometric heterocycle, c) room temperature.
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substituent, a known inner-sphere director,[68] leads to lower
selectivity, when AsPh3 is used, than that observed with the
equivalent methyl substituent (Scheme 13b,c). Similarly, with
ligand L8 a coordinatively unsaturated active catalyst is
produced, permitting ligation of ester 106 and facilitating C-3
borylation in the presence of an otherwise highly reactive
a C@H site (Scheme 13d). With Silica-SMAP, the directing
effect is pronounced enough to facilitate borylation ortho to
two substituents in the presence of an uncongested a position.
However, as above, the enhanced C@H acidity observed in
furan ester 108b led to some competitive a reactivity
(Scheme 13e).

As with arene borylation, regiocontrol can be attained
through the use of designed ligand/additive systems. For
example, enhanced 2,5-selectivity can be observed with the L-
shaped ligand L9 (Scheme 13 f).[85] Alternatively, hydrogen-
bond-mediated regiocontrol using urea ligand L10 improves
meta selectivity in the borylation of 2-amidopyrrole 113
(Scheme 13g).[80] Discrimination between electronic (C-2)
and steric (C-5) C@H sites can be achieved in 3-cyanothio-

phene 116 using bozo L6 and dmadpm L5 (Section 1.3.1). In
both these last two examples the “standard” dtbpy ligand
exhibited poorer selectivity.[92]

4.1.2. Porphyrins and Corroles

Porphyrins and corroles are closely related macrocycles
consisting of four modified pyrrole units, and therefore they
share aspects of borylation regioselectivity with 2,5-disubsti-
tuted pyrroles. For example, the borylation of porphyrin 119,
with limiting boron reagent, occurs at the least hindered
pyrrole position minimising peri interactions, affording major
monoborylated isomer 120 a alongside two minor bisbory-
lated isomers 120b and 120 c in a 1:1 ratio (Scheme 14 a).
Notably, the borylation also tolerates Ni- and Cu-coordinated
analogues of 119, affording products with similar selectiv-
ities.[107]

Judicious meso substitution blocks the corresponding peri
positions, permitting a degree of regiochemical control in
iterative borylation reactions. One borylation event occurs in
the reaction of corrole 121 because the other C@H sites are
sterically hindered by the meso pentafluorophenyl substitu-
ents (Scheme 14b). Substitution at all four meso positions in
a porphyrin blocks reaction in the macrocyclic ring.[108, 109]

Scheme 11. C@H borylation of substituted thiophenes.

Scheme 12. C@H borylation of N-substituted pyrroles. S-Phos= 2-dicy-
clohexylphosphino-2’,6’-dimethoxybiphenyl, TIPS= triisopropylsilyl.
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4.2. Five-Membered, Polycyclic, One Heteroatom
4.2.1. Indole, Carbazole, Benzothiophene, and Benzofuran

The presence of a carbocyclic ring in indole, benzothio-
phene, and benzofuran introduces the potentiality for bor-
ylation at multiple sites. However, in all three heterocycles
there is a marked preference for borylation in the heterocyclic
ring. As with non-benzofused analogues, the parent hetero-
cycle undergoes borylation selectively a to the heteroatom
with excess heteroarene at elevated temperature, with
benzofuran 123c displaying slightly lower selectivity in
analogy to the C@H borylation of furan (Section 4.1;
Scheme 15a).[51] Reducing the arene equivalency and temper-
ature leads to similar product outcomes in these three
heterocycles. This contrasts with the electrophilic borylation
that occurs in metal-free systems, which gives the comple-
mentary C-3 functionalised products (Section 3). Interest-
ingly, the borylation of 5-furylbenzofuran with a silyldimesi-
tylborane reagent occurs selectively at C-2 of the benzofused
heterocycle (Scheme 15b).[110] Whilst comparison to the

Scheme 13. Directed C@H borylation of five-membered heterocycles. Cy = cyclohexyl.

Scheme 14. Borylation of porphyrins and corroles.
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traditional C@H borylation systems are challenged by the
very different ligand, catalyst and reagents involved, this
experiment warrants further investigation into the relative
reactivities of benzofused heterocycles and their monocyclic
counterparts, and could suggest a higher reactivity of the
former ring system.

Owing to the prevalence of indole in pharmaceutical
agents, the Ir-catalysed C@H borylation of many substituted
indole derivatives has been well documented and this
discussion will focus on this, emphasising differences with
the other heterocycles where relevant.[111–118] Bisborylation of
indole affords the 2,7-disubstituted product 128, and other C-
2 substituted indoles, such as 2-phenylindole, also undergo
selective borylation at C-7. Significantly, reaction of 2-
phenylindole is selective for the fused arene ring, leaving
the phenyl substituent intact (Scheme 15 c,d).[117] Polyboryla-
tion of 2-substituted indole 131 occurs initially at C-7 and then
preferentially at C-4. The latter presumably reflecting the
para directing effect of a Bpin group (Scheme 15 e).[63,115]

Reflecting the lower steric demands in a five-membered
ring, 3-substituted indoles also show good levels of C-2
selectivity, further emphasising the electronic activating effect
of the heteroatom (Scheme 15 f).[119] With higher stoichiome-
tries of B2pin2, iterative borylation of 3-substituted indoles
such as 3-methylindole (136) can occur, with C@H activation
occurring at, successively, C-2, C-7, and C-5 (Scheme 15 g).[120]

Formal selective C-7 mono-borylation of indole is possible by
blocking C-2 with a labile group, which is subsequently
removed. For example, a 2-silyl substituent can be selectively

cleaved using TBAF after having sterically directed boryla-
tion to C-7 (Scheme 15h).[117]

Smith has suggested that the C-7 selectivity observed with
indole originates from substrate ligation to the catalyst, which
may promote chelation-controlled C@H activation. This
model can potentially account for the C-1,8 bisborylation of
carbazole 140 (Scheme 16a). However, the high degree of
peri steric hindrance at N from the boryl group and the
carbocycle might be expected to hinder metal complexation
for the second borylation event, suggesting the involvement
of an electronic directing effect.[118] Further support for this
proposal comes from the borylation of benzofuran, which also
shows selectivity for C-7, albeit with some leakage to the 2,6-
bisborylated product (Scheme 16b). Whilst the latter obser-
vation is consistent with the poorer coordinating nature of the
oxygen atom, the possibility for simple intrinsic activation of
these positions by the heteroatom is supported by the
calculated relative free energies of the anions in 2-phenyl-
indole (129). These indicate that C-7 (@10.96 kcalmol@1)
should be the most reactive C@H site when contrasted to
other uncongested C@H sites, which range between @9.4 and
0 kcalmol@1.[121] Moreover, the selectivities observed with
benzofuran are comparable with the ortho selectivity
observed in the C@H borylation of benzodioxole (36 ;
Section 3.1).[60]

In analogy to the C@H borylation of pyrrole, the use of N-
substituents can modify the regiochemical outcome, as
observed in the borylation of N-methylindole (145), which
affords a mixture of C-2 and C-3 functionalised products

Scheme 15. C@H borylation of indoles. IMes= 1,3-bis(2,4,6-trimethylphenyl)imidazolium.
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(Scheme 16c). Independent reports give different selectivities
for this process and potentially reflect the use of varying
solvents, ligands, and reaction times. This collectively suggests
that subtly different catalytic cycles/species may exist.[96,122]

As with their pyrrole analogues, indoles with the bulkier N
protecting groups TIPS, Bpin and Boc are borylated with
complete b selectivity. The NBpin substrate 148 is prepared in
situ in a similar manner to NBpin pyrrole 97 (Section 4.1.1;
Scheme 16d).[78, 96, 103,123] Interestingly, the corresponding reac-
tion with B2eg2 (eg = ethylene glycolato) affords the a-
borylated product via a process involving an electrostatic
outer-sphere interaction between the NBeg group and the
ancillary ligand (Scheme 16 e).[124]

If borylation in the heterocyclic ring is sterically inhibited,
then borylation in the carbocyclic ring occurs, often with
sterically controlled regioselectivity. For example, the bory-
lation of N-TIPS indole 151 in which C-2, C-4, and C-7 are
sterically congested, leads to relatively non-selective boryla-
tion at C-5 and C-6. Site-selectivity can be enhanced by
switching the ligand from dtbpy/tmphen to 1,10-phenanthro-
line (phen) in indoles and carbazoles, as is observed in the
borylation of 151 and 154 (Scheme 16 f,g). This ligand-
mediated selectivity is almost certainly electronically con-

trolled, although further studies are required to determine its
origin.[125] Notably, these substrates possess a structure that is
comparable to a 1,2-disubstituted arene, in which electronic
effects also contribute significantly to the selectivity observed
in reactions run at room temperature.[55]

As observed with their monocyclic equivalents, the
intrinsic selectivities of indole, benzothiophene, benzofuran,
and carbazoles can be altered using various directing effects.
For example, the dithiane-directed borylation of 2-substituted
benzothiophene 157 leads to an ortho functionalised product
158 (Scheme 17a).[104] Likewise, using Silica-SMAP, 2-, 3- and
N-substituted carbonyl derivatives of these heterocycles
undergo ortho or peri borylation, as exemplified by the
efficient C-1 borylation of N-substituted carbazole 159
(Scheme 17b).[71]

Relay direction provides an alternative mode of regio-
control in polycyclic heterocycles. This can be achieved using
a hydrosilyl group that is either generated in situ or pre-
installed. For example, the borylation of chloroindole 161 is
completely C-7 selective (Scheme 17c), whilst 3-hydrosilyl
benzothiophene and indole 163a and 163 b undergo peri-
selective borylation at C-4 (Scheme 17d).[72, 75] In both cases,

Scheme 16. C@H borylation of benzofused heterocycles.
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the bulky nature of the silyl group presumably helps to reduce
competing C-2 borylation.

Outer-sphere systems can also alter the selectivity in
substituted indole derivatives. For example, ion-pair recog-
nition enables C-6 meta borylation to compete with C-7
functionalisation of ammonium indole 165 using ligand L11
(Scheme 18a),[82] whilst C@H borylation with L-shaped ligand
L9 leads to enhanced a selectivity in indole ester 168 and
indole amide 170 (Scheme 18b,c).[85, 126]

4.2.2. Indazoline

Indazoline is structurally related to indole and may be
employed as a bioisostere. Whilst the C@H borylation of the
parent heterocycle is slow, substitution with electron-with-
drawing groups enhances reactivity.[127] In analogy to the C@H
borylation of pyrrole, cyanoindazoline 173 undergoes C-3
borylation a to the heteroatom, and additionally displays
reactivity at C-6, and this is similarly observed for indazoline
diester 176 (Scheme 19). Curiously, in this latter transforma-
tion the 5,6-bisarylated 179 was also produced, indicative of
an unusual C@H borylation occurring ortho to a Bpin
substituent.

4.3. Six-Membered Monocyclic Heterocycles with One
Heteroatom

4.3.1. Introduction

Heteroarenes that contain basic azinyl nitrogen atoms
represent a distinctive challenge for borylation chemistry. In
contrast to the selective a borylation observed in azole N-
containing rings, borylation is electronically disfavoured a to

an azinyl N atom. This can crudely be likened to the steric
inhibitory effect of a substituent but is best attributed to
dipolar repulsion between the azinyl lone pair and the
developing negative charge on the a carbon atom in the C@
H activation transition state. In a given substrate, the degree
to which a-azinyl borylation occurs is dependent on the
electron density at N, and on steric constraints in the rest of
the molecule. DFT calculations of the reaction pathway for
the C-2 borylation of pyridine show ca. 1 kcal mol@1 higher
barrier compared to borylation at the other sites.[128] As this is
a relatively small difference, the lack of a-azinyl products can
also be attributed to the poor stability of 2-azaarylboronates.
These are known to decompose via several pathways, includ-
ing protodeborylation.[129] However, the introduction of
a boryl group in the a-azinyl position may be promoted by
stabilising groups, and these are typically electron-withdraw-
ing groups such as other N ring atoms, sulfonyl or trifluor-
omethyl groups, and halides.

4.3.2. Pyridine

In the original report on the Ir-catalysed C@H borylation
of heteroarenes, pyridine 180 stands out as an unusually

Scheme 17. ortho- and peri-directed borylation of benzofused hetero-
cycles.

Scheme 18. Inner-sphere directed borylation of indoles.
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inactive substrate, requiring increased temperature and
affording a statistical mixture of C-3 and C-4 borylated
products in low yield (Scheme 20).[96] C-2 borylated products
were not observed, and this is due to the inhibitory effect of
the azinyl nitrogen. In contrast, borylation of various 2-
substituted pyridines occurs readily at room temperature with
the expected sterically controlled selectivity (Scheme 21).
The complete selectivity for reaction in the heterocyclic ring
observed with 2-phenyl pyridine provides further illustration
of the higher reactivity of heterocyclic vs. carbocyclic arenes.
Although the low yields in the borylation of pyridine may be
attributed to the rapid decomposition of in situ C-2 borylated
products, a more likely explanation is the reversible inhibition
of the active catalyst through substrate ligation. Evidence for
this is seen in the relative borylation of 2,6-lutidine (183) and
4-tert-butylpyridine (184). The latter, lacking unhindered non-
azinyl C@H bonds, is inert, whilst the former undergoes facile
C@H borylation selectively at the sterically uninhibited 4-
position (Scheme 21a). However, the addition of small
amounts of 184 into the borylation reaction of 183 efficiently
inhibits the reaction through coordination to the vacant site
on the catalytically active iridium trisboryl complex.[93] Whilst
sterically blocked substrates such as 2,4-disubstituted pyri-
dines generally display poor reactivity, ChirikQs pincer-ligated

cobalt complexes can smoothly promote C@H borylation of
2,4-lutidine (186) a to the azinyl nitrogen, with C-2 function-
alised pyridine 187 being detectable in 79 % GCMS yield
(Scheme 21b).[45] It is more difficult to activate this position
using Ir (see Scheme 22b), and this likely suggests that
a different mechanistic pathway is operating with this Co-
catalyst. In the Ir-catalysed C@H borylation of azinyl hetero-
cycles, the impact of substrate inhibition can be reduced by an
electronegative substituent that lowers the basicity of the
azinyl nitrogen, weakening the interaction with the catalyst.
For example, the C@H borylation of 2-fluoropyridine is facile
at room temperature and gives rise to five isomeric pyridyl
boronates. Electron density is reduced at N by F to a sufficient
extent such that the a-azinyl borylated product 192 is
observable (Scheme 21 c).

Other substituted pyridines show a selectivity that is
a balance of sterics and electronics. For example, 2,3-
disubstituted pyridines borylate largely with steric control at
C-5 but more strongly electron-deficient systems display
enhanced reactivity at the a azinyl position (Scheme 22 a).
Similar trends are observed with 2,4-disubstituted pyridines,
with the inhibitory effect of the azinyl nitrogen leading to
borylation occurring at C-5 providing that the bulk of the C-4
substituent can be tolerated. As with 188, pyridine 197a is
sufficiently electron-deficient and C@H borylation is selective
for C-2 even at room temperature. In contrast, electron-rich
and sterically congested pyridine 197 b requires more forcing
conditions and is selective for C-5 (Scheme 22b).

Scheme 19. C@H borylation of indazoline derivatives.
DMAc= dimethylacetamide.

Scheme 20. Ir-catalysed C@H borylation of pyridine.

Scheme 21. C@H borylation of 2-substituted pyridines. TMS= trime-
thylsilyl.
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Interestingly, dtbpy 207 undergoes C@H borylation under
more forcing conditions at the a azinyl positions, although this
was not observed in the absence of excess dtbpy, suggesting
that ligand dissociation does not readily occur during catalysis
(Scheme 23a).[53, 130] The regioselectivity was confirmed using
a one-pot Suzuki–Miyaura cross-coupling to deliver arylated
product 208 and this ability to directly use borylated products
is a valuable strategy for these less stable boronate esters.
Given that the related 4-tert-butylpyridine 184 is unreactive
(vide supra), the 2-pyridyl unit in 207 likely facilitates activity

by functioning both as a steric blocker and an electron-
withdrawing (activating) group. Steric effects remain the
dominating influence in this transformation, as the corre-
sponding 4,4’-dimethoxybipyridine analogue 209 gives the
ortho methoxy functionalised products 210 and 211 (Scheme
23b), in which borylation occurs remote to both the azinyl
nitrogen and the pyridyl substituent. Borylation of 2,5-
disubstituted pyridines is only viable with moderately sized
substituents and, given the inhibitory effect of the azinyl
nitrogen, will occur preferentially at C-3 or C-4 in a ratio that
reflects the competing steric and electronic influences of the
substituents. For example, the borylation of 2-cyano-5-bro-
mopyridine (200) proceeds efficiently to afford C-3 and C-4
boronates 201 and 202 in a 2:1 ratio (Scheme 22 c),[63] whilst
2,5-lutidine (203) shows poor conversion under comparable
conditions (Scheme 22 d). Finally, 2,6-disubstituted pyridines,
for which the inhibitory effect of the azinyl nitrogen is
blocked, react as electron-deficient arenes and generally have
good activities exhibiting C-4 selectivity, and ligands based on
the bipyridine scaffold such as L12 also promote this trans-
formation (Scheme 22 e).[131]

Outer-sphere directing effects have been exploited to
override these selectivities. For instance, aminopyridines
undergo rapid NH borylation to form the corresponding
NHBpin adduct. This intermediate facilitates ortho-selective
borylation in 2-substituted 4- and 5-aminopyridines, and this
may be seen in the borylation of 212, via the initial formation
of 214 in situ (Scheme 24 a). In addition, the borylation of 5-
hydroxypyridine (215) is ortho (to OH) selective following
traceless O-borylation with HBpin to afford C-4 functional-
ised 216 (Scheme 24 b).[78,124] However, it is unclear to what
extent the regiochemical outcomes of these processes differ
from intrinsic regioselectivity. In particular, it can be argued
that, given the relatively similar size of each substituent, the
selectivity is a measure of ortho activation due the competing

Scheme 22. C@H borylation of substituted pyridines.

Scheme 23. Borylation of 2,2-bipyridines.
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electron-withdrawing effect of the nitrogen and oxygen
substituents, respectively. In support of this, traceless ortho
direction is not displayed with 2,6-aminopyridine derivatives,
and sterically mediated C-4 borylation analogous to the
borylation of 205 occurs instead.[78] Other outer-sphere
(ligand-mediated) directing systems can also influence the
regioselectivity of the borylation of pyridines. For example,
when ionic ligand L11 is employed, the C-4 selectivity in
pyridyl amides and trialkylammoniums is increased, and this
can be observed in the borylation of 218.[82–84] Following C-4
borylation, the powerful electron-withdrawing capacity of the
trimethylammonium group can facilitate borylation at C-6,
affording bisborylated 220 selectively (Scheme 25a). Alter-
native selectivities can also be obtained using ligand-based
complexation to direct borylation of pyridine amides and
esters (Scheme 25b–e).[80, 85,126] Control experiments using
dtbpy indicate that the C-2 substituents in each substrate
possess modulating effects on intrinsic site selectivities which
deviate from simple steric control. Notably, the complexation
of isonicotinamide 224 to L-shaped ligand L9 outcompetes
the intrinsic inhibitory effect of the unhindered azinyl nitro-
gen, affording meta borylated product 225 (Scheme 25 c). The
Lewis basicity of the azinyl N can also be used for outer-
sphere direction in conjunction with a Lewis acid that is
directly coupled to the bipyridine ligand, for example, L13
(Scheme 25e). Presumably, substrate coordination to these
ligands outcompetes catalyst coordination, and this enables
complementary C3 (meta) borylation of the parent pyridine
scaffold at room temperature. Substituted pyridines are also
viable substrates for this process. Interestingly, as shown by
this example, a C-2 substituent does not seem to block
complexation, giving selective access to 2,5-disubstituted
pyridine products (Scheme 25 e).[86]

The azinyl nitrogen can also coordinate directly to the Ir
metal centre in inner-sphere systems enabling the selective
borylation of pendant arene substituents (Scheme 26). Similar
directed C@H activation processes of 2-aryl pyridines are
common with other metal catalysts, such as Ru.[41] Using this
approach, the electronic preference for borylation at the
pyridine can be overcome in favour of reaction at the
carbocyclic moiety.[106, 132] For example, hemilabile ligand

Scheme 24. Outer-sphere directed C@H borylation of pyridines.

Scheme 25. Ligand-mediated outer-sphere directed C@H borylation of
pyridines. OTf@= triflate.
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L14 efficiently facilitates borylation at the ortho position of
the phenyl ring in 2-phenylpyridine 64, producing N-B ylide
232 (Scheme 26a).[132] Likewise 2-phenoxypyridine (233)
undergoes borylation in the carbocyclic ring mediated by B-
Si ligand L15, (Scheme 26b).[133] In a related approach, 2-
benzyl pyridines act as a substrate, ligand, and inner-sphere
director and are selectively borylated in the carbocycle ring.
Notably, fluorinated arene 234 selectively affords 236, over-
coming both the intrinsic reactivity of the pyridyl ring and the
activating effect of a fluorine substituent toward ortho C@H
activation. (Scheme 26 c).[64, 134] Nakao has exploited the
coordinating ability of the azinyl nitrogen to direct the
borylation to C-4 using bulky aluminium Lewis acids which
hinder access to the meta position. Surprisingly this still
functions well in the presence of C-2 substituents which
appear not to hinder the crucial substrate Lewis acid binding
(Scheme 26d).[87]

4.4. Six Membered, Polycyclic, One Heteroatom (Quinolines and
Isoquinolines)

Although an azinyl heterocycle, unsubstituted quinoline
241 is an active substrate in the C@H borylation because the
peri C-8 C@H bond of the carbocyclic ring blocks inhibitory
ligation to the active catalyst. As with other benzofused
heteroarenes, quinoline is preferentially activated in the
heteroaromatic ring. In the presence of excess heteroarene,
selective monosubstitution at C-3 can be obtained (Scheme
27a), reflecting a combination of steric inhibition by the peri
hydrogen at C-5 and the inhibitory effect of the azinyl lone
pair on activation at C-2.[96] In the presence of excess boron
reagent, quinoline undergoes bisborylation at C-3 and C6/C7
in a 1:1 ratio (Scheme 27b).[55] Unlike benzofused azoles,
which show selectivity for reaction at C-7, the analogous C-8
position in quinoline is normally unreactive, providing further
evidence for the repressive effect of a proximal azinyl N lone
pair on C@H activation. As with other (hetero)arenes, the
introduction of substituents leads to sterically controlled
regioselectivity. For simple 2-substituted quinolines the
unhindered nature of the carbocyclic rings means that
polyborylation is facile and the nature of the C-2 substituent
can affect the regiochemical outcome, with an increasing
electron-withdrawing ability leading to an increased degree of
C-7 substitution (Scheme 27c).[55] Substitution in the carbo-
cyclic ring leads to a greater degree of control and further
reveals the underlying role of electronic effects in these
reactions. For example, whilst 2,6-disubstituted quinolines are
borylated exclusively at C-4 (Scheme 27 d), which can be
attributed to simple steric direction, 2,7-disubstituted quino-
lines show varying selectivity, with more electron-withdraw-
ing groups leading to increased amounts of the C-5 boronate
ester 252 b (Scheme 27 e). Since these positions are sterically
equivalent this must reflect an electronic influence, and this is
likely caused by the enhanced C@H acidity at C-5 of the
carbocyclic ring in the CF3-containing substrate, 250b.
Indeed, the calculated C@H acidities at C-4 (38.6) and C-5
(39.7) in 250 b provide qualitative correlation with exper-
imental site-selectivity. As with other arenes, congested
quinolines are viable substrates but require more forcing
conditions, although the preference for reaction in the
heteroaromatic ring remains. For example, all C@H sites in
4,7-disubstituted quinolines are encumbered, so borylation is
completely selective for C-3 but the reaction of 253 a bearing
a chloro group at C-4 is significantly more efficient than for
the C-4 methyl analogue (Scheme 27 f). As noted previously
(see Section 4.2.1) a simple approach to deliver selective
borylation in heteroarenes is to undertake sequential silyla-
tion, borylation and desilylation. Subjecting 2-methyl quino-
line to this process affords exclusively the 6-borylated isomer
256 via silylated arene 255. Since the corresponding 2,8-
dimethyl quinoline affords a complex mixture of mono- and
diborylated products under the same conditions, this seems to
reflect a combination of electronically and sterically driven
selectivity. The silyl group may be selectively removed to
afford a formal, selective, and otherwise difficult to achieve C-
6 borylation process (Scheme 27g).[100]

Scheme 26. Inner-sphere directed C@H borylation of 2-substituted
pyridines.
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By replacing dtbpy with the silica-immobilised monoden-
tate phosphine ligand Silica-SMAP, Sawamura and co-work-
ers have elegantly exploited inner-sphere coordination to
selectively activate the C-8 position in a range of 2-substituted
quinolines (Scheme 28 a).[70] Silica-SMAP directs borylation
to the otherwise unreactive C-8 position in a library of mono-,
di-, and trisubstituted quinolines. Remarkably, the system
affords C-8 regioselectivity even in congested substrates, such
as 257, with a substituent at C-7. Other groups can be used to
direct regioselectivity; for example, aminoquinoline 259 has
been shown to undergo ortho-selective borylation at C-7 via
NHBeg intermediate 267 (Scheme 28b).[124] To date, the
various other ingenious ligand-controlled borylations have
not been applied to quinoline and this may reflect the
challenge of preparing suitably functionalised substrates.

Isoquinoline C@H borylation remains relatively unex-
plored, with the intrinsic regioselectivity undefined. This is
probably attributable to catalyst inhibition by the heteroarene
unless substituted at C-1 and/or C-3. However, some exam-
ples of directed borylation have been described. In a similar
fashion to 2-arylpyridines, hemilabile ligands facilitate selec-
tive remote borylation of 1-aryl isoquinolines (Scheme
28c),[132] whilst hydrosilyl relay direction enables peri bory-
lation of suitable 1-substituted isoquinolines (Scheme 28d).[73]

Curiously, similar chemistry using 2-chloro-4-hydrosilylquino-
line 265 was not viable (Scheme 28e) and this result highlights
the degree of substrate specificity that exist in these more
complex systems that have multiple influences on reaction
outcomes.

4.5. Five-Membered, Monocyclic, Two Heteroatoms (Imidazoles,
Pyrazole, Oxazole)

Mirroring the effects observed with both pyrrole and
pyridine, subject to steric accessibility, the borylation of
imidazole, pyrazole, and oxazole generally occurs a to the
oxygen atom or azole nitrogen and remote from the azinyl
nitrogen atom. In general, the higher reactivity of these
heterocycles together with the less congested relationship
between substituents in five-membered rings mean that steric
effects are less pronounced, enabling positions with ortho
substituents and even moderately sized doubly ortho sub-
stituted sites to be borylated (vide infra). The parent
unprotected imidazole is not borylated, which is perhaps
due to rapid N-borylation to form the corresponding N-Bpin
adduct, leaving all C@H sites either sterically hindered or
inhibited by the azinyl nitrogen. However, N-methylated
imidazoles undergo borylation efficiently at C-5, and this is
exemplified by the borylation of 268 in the presence of
1.5 equivalents of HBpin (Scheme 29a). Interestingly, using
2.5 equivalents of HBpin, 268 undergoes a second borylation
event at the ortho C@H site on the phenyl ring (Scheme 29 b),
likely mediated by an outer-sphere directing effect involving
the azinyl N atom.[135]

As with 2-subsituted pyridines, a-azinyl borylation is
normally disfavoured, although a combination of steric bulk
and reduction of the azinyl electron density can allow this to
occur. For example, blocking the azole N with either a Boc
carbamate or dimethylsulfamoyl group enables a-azinyl
boronates 272 and 274 to be generated (Scheme 29c,d).[103]

Scheme 27. Ir-catalysed C@H borylation of quinolines. NIS= N-iodosuccinimide.
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Whilst the Boc-protected boronate was unstable, the higher
electron-withdrawing capacity of a sulfamoyl group rendered
boronate 274 isolable.

In contrast to imidazole, unprotected pyrazole undergoes
borylation at the b position owing to the rapid formation of
bulky N-Bpin species 277, which sterically blocks a borylation
(Scheme 30a).[78] Unlike indole, the lower pKa of the pyrazole
NH means that this does not require exogenous base as
illustrated by the fact that 275 undergoes N-borylation
without catalysis. Other large nitrogen protecting groups
such as Boc similarly direct borylation to the b position
(Scheme 30b), and recent results suggest that the b selectivity
observed with 278 has an element of electronic control as the
smaller methyl carbamate also leads to reaction at this
position.[103, 136] Other small azole nitrogen substituents, for
example, N-methyl pyrazole (280a) are selectively borylated
at the a position reflecting the higher intrinsic reactivity of
this C@H bond (Scheme 30 c). This selectivity is sustained
even in the presence of an ortho bromine substituent (280b).
C-5 substituted pyrazoles such as 282 also undergo N-
borylation and C-borylation is selective for C-4
(Scheme 30d).[135] However, tautomerisation in pyrazoles is
strongly modulated by the substituents and, in contrast to free
N@H imidazoles, 3-trifluoromethylpyrazole 284 is borylated

Scheme 28. Directed borylation of quinolines.

Scheme 29. Borylation of imidazole derivatives. Scheme 30. Borylation of pyrazole and its derivatives.
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at C-5 and not at C-4, with steric and electronic selectivity
working in parallel (Scheme 30 e).[128] Significantly fewer
oxazole derivatives have been reported as substrates for C@H
borylation, although some examples are shown in Scheme 31.
In these substrates, there is a normal preference for borylation
at the most acidic site a to the O atom.[135] Somewhat
surprisingly, directed borylation, inner- or outer-sphere, of
imidazole, pyrazole, or oxazole derivatives has yet to be
described.

4.6. Five-Membered Polycyclic Heterocycles with Two
Heteroatoms

4.6.1. Indazole

As with imidazole, the borylation of unprotected NH
indazole is not effective. This is surprising, as the structurally
similar heteroarene pyrazole is an active substate and is
borylated at C-4 following initial N@H borylation. The lack of
indazole borylation has been suggested to be due to the
inhibitory effect of the azinyl N on the catalyst.[137,138]

Alternatively, the parallels with imidazole might also suggest
it is either an inability to N-borylate or, more likely, an
instability of the N-borylated species that is critical. In
support of this latter idea, the more stable N-substituted
indazole derivatives undergo facile borylation. Significantly,
both N-methyl-1H-indazole (288) and N-methyl-2H-indazole
(290) show complete selectivity for the heteroaromatic
moiety (Scheme 32a,b). Moving from N-Me to larger sub-
stituents, such N-Boc, N-tetrahydropyranyl (N-THP), N-2-

(trimethylsilyl)ethoxymethyl (N-SEM) or N-3,5-dimethyl-
benzyl does not alter this regioselectivity for either 1H- or
2H-indazoles (Scheme 33). This provides further evidence for
a difference in five- and six-membered heterocycles, with
borylation occurring adjacent to both the peri C-4 substituent
and azinyl nitrogen (Scheme 33b). This reflects both the
lower steric demand of ortho substituents and a lower
inhibitory effect of the azinyl nitrogen which is strongly
influenced by the electron-withdrawing effect of the azole
nitrogen (pKa(indazolium) = 1.25).

The azinyl nitrogen effect is not completely ablated, as
borylation of the 2H-indazole isomers, which avoid this
inhibitory interaction, is much more rapid and the corre-
sponding C-3 boronates undergo protodeborylation more
slowly. The latter issue can be ameliorated through the use of
the more electron-withdrawing N-Ms group, as in 292, which
stabilises boronate 293, permitting isolation following silica
gel column chromatography in 62% yield (Scheme 32c). As
with pyridines, the introduction of blocking groups (e.g.
halogens) enables more complex sequences involving poly-
borylation and selective reaction, for example, cross-coupling
and deborylation, giving access to other regioisomers. For
example, at elevated temperature in the presence of 2 equiv-
alents of B2pin2, N-SEM-2H-indazole (294) iteratively under-
goes bisborylation, initially at C3 and then at C-5/C-6, to
afford a 5:1 mixture of products (Scheme 33 a). Substitution
at C-4, as in 297 leads to the second C@H activation occurring
exclusively at C-6 (Scheme 33 b). In this case, exploiting the
destabilising effect of the azinyl nitrogen enables selective
protodeborylation at C-3 leading to a formal C-6 monobor-
ylation affording 299.

Scheme 31. Borylation of oxazole derivatives.

Scheme 33. Multidirectional functionalisations of 2H-indazoles.
SEM = 2-(trimethylsilyl)ethoxymethyl.Scheme 32. C@H borylation of indazoles. Ms = methanesulfonyl.
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4.6.2. Benzoxazole, Benzothiazole, and Benzimidazole

The borylation of benzoxazoles, benzothiazoles, and
benzimidazoles requires a substituent at C-2, potentially to
prevent substrate ligation to the catalyst through the azinyl
nitrogen. The reasons for this are not immediately obvious, as
oxazole itself is an active substrate (see Section 4.5), although
this may further reflect the higher reactivity of heterocyclic
C@H bonds when compared with those in carbocyclic rings. In
2-methylbenzoxazole (301), borylation selectively occurs at
C-7 ortho to the O atom (Scheme 34a), and other derivatives
with substituents at C-4 or C-5 also show this regioselectiv-
ity.[128] This is consistent with the ortho selectivity observed in
benzodioxole 36 (see Section 3.1), and correlates to the
enhanced C@H acidity of this site. Mirroring the lower
electronegativity of sulfur, 2-methylbenzothiazole (303) is
comparably less active towards C@H borylation and displays
poorer selectivity (Scheme 34b). The requirement for ele-
vated temperature and catalyst loadings likely reflects the
catalyst-deactivating effect of sulfur, and parallels can be
drawn with thiophenes, which are less active than pyrrole and
furan for this reason (see Section 4.1.1). In contrast to both
these heterocycles, 2-methylbenzimidazole (305) efficiently
undergoes distal borylation at C-5 (Scheme 34 c). The lack of
ortho (C-4/C-7) reactivity can be attributed to an azinyl N
effect in analogy to the inhibition of C-8 activation in
quinoline, although the contribution of an N-Bpin adduct,
which also sterically hinders the peri position, cannot be
discounted. The latter possibility is supported by the require-
ment for increased equivalents of B2pin2 for efficient
borylation of benzimidazoles.

4.7. Six-Membered Heterocycles, Two Heteroatoms
4.7.1. Diazines

The presence of two N ring atoms renders diazines less
basic than pyridine. This, coupled with the enhanced C@H
acidity, affords greater intrinsic activity. Indeed, parent
pyrimidine 307 is borylated at room temperature using
tmphen as a ligand, albeit in low (NMR) conversion.[128] In

analogy to the C@H borylation of other azinyl systems, the
catalyst avoids the a-azinyl positions and delivers C-5
functionalised boronate 308 selectively (Scheme 35 a). Block-
ing ligation of diazine substrates with substituents improves
reactivity, and this may be seen in the comparably more
efficient borylation of 2-substituted pyrimidines (Scheme
35b,c). As with other heterocycles, and exemplified by the
reaction of 2-phenylpyrimidine (311; Scheme 35 c), activation
of C@H bonds within the heterocyclic ring occurs more
rapidly than in carbocyclic arenes. Likewise, the borylation of
6-methylpyridazine 313 is efficient and selective for C-4
(Scheme 35d). In contrast to pyridines, substituted pyrida-
zines have been shown to undergo borylation at the a-azinyl
C@H bond without necessarily requiring electron-withdraw-
ing substituents. For example, pyridazine 315 is efficiently
borylated at C-6, despite the presence of both an ortho azinyl
N and an ortho methyl group (Scheme 35e). Interestingly, the
2-chloro-3-methylpyridazine (317) is preferentially borylated
meta to the chlorine atom, as this nitrogen carries lower
electron density (Scheme 35 f).[93] Finally, in parallel with the
transformation of quinolines, the borylation of quinoxaline

Scheme 34. C@H borylation of benzoxazole, benzothiazole, and benzi-
midazole derivatives.

Scheme 35. C@H borylation of diazines.
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has been reported with Silica-SMAP, affording bisborylated
product 321 via inner-sphere coordination of the azinyl N
atoms (Scheme 35 g).[70]

4.7.2. Azaborine and Borazaronaphthalene

Boron–nitrogen heterocycles such as borazine and 2,1-
borazaronaphthalene are isostructural with classical arenes
and can undergo Ir-catalysed C@H borylation. In analogy to
other azoles, borazine 322 undergoes borylation selectively
a to N at C-6 (Scheme 36a).[139] Under these conditions, an
aryl substituent on the boron atom is not affected and this
selectivity correlates well with calculated gas-phase acidity
(Scheme 36b). 2,1-Borazaronaphthalenes are benzofused
analogues of borazine, and this motif differs from other
benzofused heteroarenes in that C@H borylation exhibits
selectivity for the carbocyclic ring. For instance, the carbo-
cycle of 326 is more reactive than both the azaborine and
benzothiophene rings and undergoes selective borylation at
C-8 (Scheme 36c).[121] In parallel to the chemistry observed
with indole,[116] it is possible that the N@H group plays a role in
enabling directed borylation through an inner-sphere effect.
However, calculations have shown that this site has the
greatest anionic charge stabilisation, suggesting that the
selectivity may be intrinsic in origin. Moreover, the notion
that, in borazaronaphthalenes, the carbocyclic ring is more
reactive is reinforced by the fact that both bisborylation of 328

and borylation of the N-methylated analogue 330 occurs in
the carbocyclic and not the heterocyclic ring, albeit at what
are the most accessible C@H bonds (Scheme 36 d,e).

4.8. Fused Heterocyclic Rings with Multiple Heteroatoms

Borylation of fused heterocycles containing multiple
heteroatoms is possible, although fewer examples have been
reported. In general, a similar profile of reactivity can be
established in which selectivity is a balance of accessibility
and intrinsic C@H activity (C@H acidity/C@Ir bond strength)
countered by the inhibitory effect of a proximal and or Lewis
basic azinyl nitrogen.

4.8.1. Pyrazolo-, Imidazo-, and Tetrazolopyridine

Pyrazolo[1,5-a]pyridine (332) can be envisaged as a 1,5-
disubstituted pyrazole, with C@H borylation exhibiting C-5
selectivity, avoiding the a azinyl position (Scheme 37 a).
Similarly, imidazo[1,2-a]pyridine (334) can be envisaged as
a 1,2-disubstituted imidazole, with C@H borylation exhibiting
C-3 selectivity a to the azole-like N-4 nitrogen and avoiding
the C-2 a azinyl position (Scheme 37 b). No C@H borylation is
observed in the six-membered ring, and following tandem
Suzuki–Miyaura cross-coupling, both substrates display C@H
borylation selectivities that mirror their respective five-
membered heteroaromatic analogues.[127] The tetrazolopyri-
dine 336 can only be borylated in the six-membered ring.

Scheme 36. C@H borylation of boron-containing heteroarenes.

Scheme 37. C@H borylation of imidazo-, pyrazolo- and tetrazolopyri-
dine. Amphos=bis(di-tert-butyl(4-dimethylaminophenyl)phosphine,
DME=dimethyl ether, XPhos =2-dicyclohexylphosphino-2’,4’,6’-triiso-
propylbiphenyl.
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Mirroring the regioselectivity of other azoles, C-5 function-
alisation a to the azole-like N-4 nitrogen is most favoured.
With excess boron reagent, C-7 functionalisation occurs more
rapidly than at C-8, presumably reflecting a balance between
steric accessibility, inhibition by the N-1 azinyl lone pair, and
activation by the para C-5 Bpin group. Interestingly, the
borylation of 336 was far more efficient in CH2Cl2 than in
THF or MTBE despite the fact that chlorinated solvents are
seldom employed in iridium C@H borylation as they are
generally inferior to alkanes and ethers.

4.8.2. Azaindole, Azaindazole, and Deazapurine

In free unprotected azaindoles 339a,b, N@H acidity is
elevated by the presence of the azine N, facilitating sponta-
neous N@H borylation with HBpin. Consequently, the
corresponding N-Bpin adduct blocks the C-2 position, leading
to C-3 selective borylation (Scheme 38a).[78] In general, the
five-membered ring is intrinsically more reactive and is the
site of C@H activation unless steric hindrance is introduced
(Scheme 38b).[128] The C@H borylation of N-methylazainda-
zole (343) is similarly C-3 selective and affords 344, reflecting
the enhanced C@H acidity of the pyrazole ring hydrogens
(Scheme 38c).[138] The presence and nature of the substituents
and boron source play a role in determining activity; for
example, the borylation of N-benzylated 7H-pyrrolo[2,3-d]-
pyrimidine (N-benzyldeazapurine) 345 is selective for the
heteroarene (Scheme 38d), whereas borylation of C-4 sub-

stituted free N@H deazapurine 347 using B2pin2 does not
afford any C@H borylation products (Scheme 38e).[140, 141]

5. Summary

Organoboron compounds are versatile intermediates and
the selective generation of these is paramount for many
applications. Almost twenty years after its inception, Ir-
catalysed aromatic C@H borylation remains the state-of-the-
art methodology for the regioselective installation of arene
C@B bonds. In general, the crowded nature of the catalyst
permits sterically controlled borylation of carbocyclic C@H
bonds, and the least hindered sites are generally the most
reactive. Electronic effects, although contributing to the
reaction outcome, are a relatively minor component and,
generally, only observed at lower temperatures. In contrast,
although the site-selectivity observed in the borylation of
heteroarenes carries a degree of steric control, a significant
contribution from electronic effects is apparent, as evidenced
by the observation that more congested C@H bonds can
undergo selective borylation. Factors such as Ir@C bond
strength, relative anionic stabilisation, and C@H acidity, in
conjunction with sterics, all contribute more overtly to the
outcome of this transformation and should be considered in
order to predict and understand heterocycle borylation
selectivities. Moreover, whilst the intrinsic steric-regulated
selectivities of carbocyclic aromatic C@H borylation can be
altered using ligand-based directing effects, the multiple
factors observed in many heterocyclic systems complicate the
application of these strategies to such substrates.

In conclusion, the increasing number of reports describing
the application of Ir C@H borylation to new heterocyclic
systems demonstrate the importance of this methodology.
Selectivity remains a challenging aspect and we hope that this
review shall serve as a useful resource for predicting the
intrinsic borylation regioselectivity of these and related
heterocyclic systems. Looking forward, much of this chemis-
try has been achieved using a relatively limited set of ligands
and boron reagents, and the development of new systems that
enable greater scope and control in these transformations
remains an important synthetic objective.[92]

Acknowledgements

We thank the various organisations that have supported our
programmes in C@H borylation chemistry over the years
including EPSRC (studentship to JSW), GlaxoSmithKline,
AstraZeneca, Pfizer and Syngenta.

Conflict of interest

The authors declare no conflict of interest.

[1] R. A. Ward, J. G. Kettle, J. Med. Chem. 2011, 54, 4670 – 4677.Scheme 38. C@H borylation of fused heterocycles. mW =microwaves.

Angewandte
ChemieReviews

2818 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 2796 – 2821

https://doi.org/10.1021/jm200338a
http://www.angewandte.org


[2] E. Vitaku, D. T. Smith, J. T. Njardarson, J. Med. Chem. 2014, 57,
10257 – 10274.

[3] A. R. D. Taylor, M. Maccoss, A. D. G. Lawson, J. Med. Chem.
2014, 57, 5845 – 5859.

[4] W. Pitt, J. Med. Chem. 2009, 52, 2952 – 2963.
[5] D. J. Newman, G. M. Cragg, J. Nat. Prod. 2016, 79, 629 – 661.
[6] P. Jeschke, Pest Manage. Sci. 2016, 72, 210 – 225.
[7] K. Murakami, S. Yamada, T. Kaneda, K. Itami, Chem. Rev.

2017, 117, 9302 – 9332.
[8] D. B. Diaz, A. K. Yudin, Nat. Chem. 2017, 9, 731 – 742.
[9] P. Hunter, EMBO Rep. 2009, 10, 125 – 128.

[10] S. K. Mellerup, S. Wang, Chem. Soc. Rev. 2019, 48, 3537 – 3549.
[11] Y. Qin, C. Pagba, A. Piotrowiak, F. J-kle, J. Am. Chem. Soc.

2004, 126, 7015 – 7018.
[12] C. R. Wade, A. E. J. Broomsgrove, S. Aldridge, F. P. Gabba",

Chem. Rev. 2010, 110, 3958 – 3984.
[13] C. D. Entwistle, T. B. Marder, Angew. Chem. Int. Ed. 2002, 41,

2927 – 2931; Angew. Chem. 2002, 114, 3051 – 3056.
[14] A. Markham, Drugs 2014, 74, 1555 – 1558.
[15] L. Ji, S. Griesbeck, T. B. Marder, Chem. Sci. 2017, 8, 846 – 863.
[16] A. V. Mossine, A. F. Brooks, K. J. Makaravage, J. M. Miller, N.

Ichiishi, M. S. Sanford, P. J. H. Scott, Org. Lett. 2015, 17, 5780 –
5783.

[17] S. Preshlock, S. Calderwood, S. Verhoog, M. Tredwell, M.
Huiban, A. Hienzsch, S. Gruber, T. C. Wilson, N. J. Taylor, T.
Cailly, M. Schedler, T. L. Collier, J. Passchier, R. Smits, J.
Mollitor, A. Hoepping, M. Mueller, C. Genicot, J. Mercier, V.
Gouverneur, Chem. Commun. 2016, 52, 8361 – 8364.

[18] A. V. Mossine, S. S. Tanzey, A. F. Brooks, K. J. Makaravage, N.
Ichiishi, J. M. Miller, B. D. Henderson, M. B. Skaddan, M. S.
Sanford, P. J. H. Scott, Org. Biomol. Chem. 2019, 17, 8701 –
8705.

[19] N. Miyaura, A. Suzuki, J. Chem. Soc. Chem. Commun. 1979,
866 – 867.

[20] N. Miyaura, K. Yamada, A. Suzuki, Tetrahedron Lett. 1979, 20,
3437 – 3440.

[21] D. G. Brown, J. Bostrçm, J. Med. Chem. 2016, 59, 4443 – 4458.
[22] S. Namirembe, J. P. Morken, Chem. Soc. Rev. 2019, 48, 3464 –

3474.
[23] J. W. B. Fyfe, A. J. B. Watson, Chem 2017, 3, 31 – 55.
[24] S. Darses, J.-P. Genet, Chem. Rev. 2008, 108, 288 – 325.
[25] J. Qiao, P. Lam, Synthesis 2011, 829 – 856.
[26] D. Leonori, V. K. Aggarwal, Acc. Chem. Res. 2014, 47, 3174 –

3183.
[27] N. Miyaura, Bull. Chem. Soc. Jpn. 2008, 81, 1535 – 1553.
[28] M. A. Soriano-Ursffla, E. D. Farf#n-Garc&a, Y. Llpez-Cabrera,

E. Querejeta, J. G. Trujillo-Ferrara, Neurotoxicology 2014, 40,
8 – 15.

[29] E. D. Farf#n-Garc&a, N. T. Castillo-Mendieta, F. J. Cipr8s-
Flores, I. I. Padilla-Mart&nez, J. G. Trujillo-Ferrara, M. A.
Soriano-Ursffla, Toxicol. Lett. 2016, 258, 115 – 125.

[30] G. Wulff, M. Lauer, J. Organomet. Chem. 1983, 256, 1 – 9.
[31] J. Morgan, J. T. Pinhey, J. Chem. Soc. Perkin Trans. 1 1990, 715 –

720.
[32] T. Ishiyama, M. Murata, N. Miyaura, J. Org. Chem. 1995, 60,

7508 – 7510.
[33] W. K. Chow, O. Y. Yuen, P. Y. Choy, C. M. So, C. P. Lau, W. T.

Wong, F. Y. Kwong, RSC Adv. 2013, 3, 12518.
[34] M. Murata, Heterocycles 2012, 85, 1795 – 1819.
[35] A. Del Grosso, P. J. Singleton, C. A. Muryn, M. J. Ingleson,

Angew. Chem. Int. Ed. 2011, 50, 2102 – 2106; Angew. Chem.
2011, 123, 2150 – 2154.

[36] M. A. L8gar8, M. A. Courtemanche, P. Rochette, F. G. Fon-
taine, Science 2015, 349, 513 – 516.

[37] S. Oda, K. Ueura, B. Kawakami, T. Hatakeyama, Org. Lett.
2020, 22, 700 – 704.

[38] H.-X. Dai, J.-Q. Yu, J. Am. Chem. Soc. 2012, 134, 134 – 137.

[39] T. Dombray, C. G. Werncke, S. Jiang, M. Grellier, L. Vendier, S.
Bontemps, J. B. Sortais, S. Sabo-Etienne, C. Darcel, J. Am.
Chem. Soc. 2015, 137, 4062 – 4065.

[40] S. K. Bose, A. Deißenberger, A. Eichhorn, P. G. Steel, Z. Lin,
T. B. Marder, Angew. Chem. Int. Ed. 2015, 54, 11843 – 11847;
Angew. Chem. 2015, 127, 12009 – 12014.

[41] J. a. Fern#ndez-Salas, S. Manzini, L. Piola, A. M. Z. Slawin, S. P.
Nolan, Chem. Commun. 2014, 50, 6782 – 6784.

[42] T. Furukawa, M. Tobisu, N. Chatani, Chem. Commun. 2015, 51,
6508 – 6511.

[43] T. Furukawa, M. Tobisu, N. Chatani, J. Am. Chem. Soc. 2015,
137, 12211 – 12214.

[44] C. B. Bheeter, A. D. Chowdhury, R. Adam, R. Jackstell, M.
Beller, Org. Biomol. Chem. 2015, 13, 10336 – 10340.

[45] J. V. Obligacion, S. P. Semproni, P. J. Chirik, J. Am. Chem. Soc.
2014, 136, 4133 – 4136.

[46] T. J. Mazzacano, N. P. Mankad, J. Am. Chem. Soc. 2013, 135,
17258 – 17261.

[47] P. Nguyen, H. P. Blom, S. A. Westcott, N. J. Taylor, T. B.
Marder, J. Am. Chem. Soc. 1993, 115, 9329 – 9330.

[48] C. N. Iverson, M. R. Smith III, J. Am. Chem. Soc. 1999, 121,
7696 – 7697.

[49] K. Kawamura, J. F. Hartwig, J. Am. Chem. Soc. 2001, 123,
8422 – 8423.

[50] J.-Y. Cho, M. K. Tse, D. Holmes, R. E. Maleczka, Jr., M. R.
Smith III, Science 2002, 295, 305 – 308.

[51] T. Ishiyama, J. Takagi, J. F. Hartwig, N. Miyaura, Angew. Chem.
Int. Ed. 2002, 41, 3056 – 3058; Angew. Chem. 2002, 114, 3182 –
3184.

[52] S. M. Preshlock, B. Ghaffari, P. E. Maligres, S. W. Krska, R. E.
Maleczka, Jr., M. R. Smith III, J. Am. Chem. Soc. 2013, 135,
7572 – 7582.

[53] R. J. Oeschger, M. A. Larsen, A. Bismuto, J. F. Hartwig, J. Am.
Chem. Soc. 2019, 141, 16479 – 16485.

[54] T. Ishiyama, N. Miyaura, Pure Appl. Chem. 2006, 78, 1369 –
1375.

[55] H. Tajuddin, P. Harrisson, B. Bitterlich, J. C. Collings, N. Sim,
A. S. Batsanov, M. S. Cheung, S. Kawamorita, A. C. Maxwell,
L. Shukla, J. Morris, Z. Lin, T. B. Marder, P. G. Steel, Chem. Sci.
2012, 3, 3505 – 3515.

[56] H. Tamura, H. Yamazaki, H. Sato, S. Sakaki, J. Am. Chem. Soc.
2003, 125, 16114 – 16126.

[57] C. W. Liskey, C. S. Wei, D. R. Pahls, J. F. Hartwig, Chem.
Commun. 2009, 5603 – 5605.

[58] G. A. Chotana, B. A. Vanchura II, M. K. Tse, R. J. Staples,
R. E. Maleczka, Jr., M. R. Smith III, Chem. Commun. 2009,
5731 – 5733.

[59] T. M. Boller, J. M. Murphy, M. Hapke, T. Ishiyama, N. Miyaura,
J. F. Hartwig, J. Am. Chem. Soc. 2005, 127, 14263 – 14278.

[60] B. A. Vanchura II, S. M. Preshlock, P. C. Roosen, V. A. Kalle-
palli, R. J. Staples, R. E. Maleczka, Jr., D. A. Singleton, M. R.
Smith III, Chem. Commun. 2010, 46, 7724 – 7726.

[61] A. G. Green, P. Liu, C. A. Merlic, K. N. Houk, J. Am. Chem.
Soc. 2014, 136, 4575 – 4583.

[62] T. Ishiyama, Y. Nobuta, J. F. Hartwig, N. Miyaura, Chem.
Commun. 2003, 2924.

[63] G. A. Chotana, M. A. Rak, M. R. Smith III, J. Am. Chem. Soc.
2005, 127, 10539 – 10544.

[64] M. Ding, P. G. Steel, unpublished results.
[65] A. Ros, J. M. Lassaletta, R. Fernandez, Chem. Soc. Rev. 2014,

43, 3229 – 3243.
[66] Y. Kuroda, Y. Nakao, Chem. Lett. 2019, 48, 1092 – 1100.
[67] C. Haldar, M. Emdadul Hoque, R. Bisht, B. Chattopadhyay,

Tetrahedron Lett. 2018, 59, 1269 – 1277.
[68] S. Kawamorita, H. Ohmiya, K. Hara, A. Fukuoka, M.

Sawamura, J. Am. Chem. Soc. 2009, 131, 5058 – 5059.

Angewandte
ChemieReviews

2819Angew. Chem. Int. Ed. 2021, 60, 2796 – 2821 T 2020 The Authors. Published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/jm4017625
https://doi.org/10.1021/jm4017625
https://doi.org/10.1021/jm801513z
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1002/ps.4170
https://doi.org/10.1021/acs.chemrev.7b00021
https://doi.org/10.1021/acs.chemrev.7b00021
https://doi.org/10.1038/nchem.2814
https://doi.org/10.1038/embor.2009.2
https://doi.org/10.1039/C9CS00153K
https://doi.org/10.1021/ja039133l
https://doi.org/10.1021/ja039133l
https://doi.org/10.1021/cr900401a
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1007/s40265-014-0276-7
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1021/acs.orglett.5b02875
https://doi.org/10.1021/acs.orglett.5b02875
https://doi.org/10.1039/C6CC03295H
https://doi.org/10.1039/C9OB01758E
https://doi.org/10.1039/C9OB01758E
https://doi.org/10.1039/c39790000866
https://doi.org/10.1039/c39790000866
https://doi.org/10.1016/S0040-4039(01)95429-2
https://doi.org/10.1016/S0040-4039(01)95429-2
https://doi.org/10.1021/acs.jmedchem.5b01409
https://doi.org/10.1039/C9CS00180H
https://doi.org/10.1039/C9CS00180H
https://doi.org/10.1016/j.chempr.2017.05.008
https://doi.org/10.1021/cr0509758
https://doi.org/10.1055/s-0030-1258379
https://doi.org/10.1021/ar5002473
https://doi.org/10.1021/ar5002473
https://doi.org/10.1246/bcsj.81.1535
https://doi.org/10.1016/j.neuro.2013.10.005
https://doi.org/10.1016/j.neuro.2013.10.005
https://doi.org/10.1016/j.toxlet.2016.06.018
https://doi.org/10.1039/P19900000715
https://doi.org/10.1039/P19900000715
https://doi.org/10.1021/jo00128a024
https://doi.org/10.1021/jo00128a024
https://doi.org/10.1039/c3ra22905j
https://doi.org/10.3987/REV-12-736
https://doi.org/10.1002/anie.201006196
https://doi.org/10.1002/ange.201006196
https://doi.org/10.1002/ange.201006196
https://doi.org/10.1021/acs.orglett.9b04483
https://doi.org/10.1021/acs.orglett.9b04483
https://doi.org/10.1021/ja2097095
https://doi.org/10.1021/jacs.5b00895
https://doi.org/10.1021/jacs.5b00895
https://doi.org/10.1002/anie.201505603
https://doi.org/10.1002/ange.201505603
https://doi.org/10.1039/c4cc02096k
https://doi.org/10.1039/C5CC01378J
https://doi.org/10.1039/C5CC01378J
https://doi.org/10.1021/jacs.5b07677
https://doi.org/10.1021/jacs.5b07677
https://doi.org/10.1039/C5OB01722J
https://doi.org/10.1021/ja500712z
https://doi.org/10.1021/ja500712z
https://doi.org/10.1021/ja408861p
https://doi.org/10.1021/ja408861p
https://doi.org/10.1021/ja00073a075
https://doi.org/10.1021/ja991258w
https://doi.org/10.1021/ja991258w
https://doi.org/10.1021/ja015975d
https://doi.org/10.1021/ja015975d
https://doi.org/10.1126/science.1067074
https://doi.org/10.1002/1521-3773(20020816)41:16%3C3056::AID-ANIE3056%3E3.0.CO;2-%23
https://doi.org/10.1002/1521-3773(20020816)41:16%3C3056::AID-ANIE3056%3E3.0.CO;2-%23
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3182::AID-ANGE3182%3E3.0.CO;2-9
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3182::AID-ANGE3182%3E3.0.CO;2-9
https://doi.org/10.1021/ja400295v
https://doi.org/10.1021/ja400295v
https://doi.org/10.1021/jacs.9b08920
https://doi.org/10.1021/jacs.9b08920
https://doi.org/10.1039/c2sc20776a
https://doi.org/10.1039/c2sc20776a
https://doi.org/10.1021/ja0302937
https://doi.org/10.1021/ja0302937
https://doi.org/10.1039/b913949d
https://doi.org/10.1039/b913949d
https://doi.org/10.1039/b914736e
https://doi.org/10.1039/b914736e
https://doi.org/10.1021/ja053433g
https://doi.org/10.1021/ja411699u
https://doi.org/10.1021/ja411699u
https://doi.org/10.1039/b311103b
https://doi.org/10.1039/b311103b
https://doi.org/10.1021/ja0428309
https://doi.org/10.1021/ja0428309
https://doi.org/10.1039/C3CS60418G
https://doi.org/10.1039/C3CS60418G
https://doi.org/10.1246/cl.190372
https://doi.org/10.1016/j.tetlet.2018.01.098
https://doi.org/10.1021/ja9008419
http://www.angewandte.org


[69] Y. Kenji, K. Soichiro, O. Hirohisa, S. Masaya, Org. Lett. 2010,
12, 3978 – 3981.

[70] S. Konishi, S. Kawamorita, T. Iwai, P. G. Steel, T. B. Marder, M.
Sawamura, Chem. Asian J. 2014, 9, 434 – 438.

[71] S. Kawamorita, H. Ohmiya, M. Sawamura, J. Org. Chem. 2010,
75, 3855 – 3858.

[72] D. W. Robbins, T. A. Boebel, J. F. Hartwig, J. Am. Chem. Soc.
2010, 132, 4068 – 4069.

[73] B. Su, J. F. Hartwig, Angew. Chem. Int. Ed. 2018, 57, 10163 –
10167; Angew. Chem. 2018, 130, 10320 – 10324.

[74] T. A. Boebel, J. F. Hartwig, J. Am. Chem. Soc. 2008, 130, 7534 –
7535.

[75] Y. Sumida, R. Harada, T. Sumida, D. Hashizume, T. Hosoya,
Chem. Lett. 2018, 47, 1251 – 1254.

[76] Y. Sumida, R. Harada, T. Kato-Sumida, K. Johmoto, H.
Uekusa, T. Hosoya, Org. Lett. 2014, 16, 6240 – 6243.

[77] P. C. Roosen, V. A. Kallepalli, B. Chattopadhyay, D. A. Single-
ton, R. E. Maleczka, Jr., M. R. Smith III, J. Am. Chem. Soc.
2012, 134, 11350 – 11353.

[78] S. M. Preshlock, D. L. Plattner, P. E. Maligres, S. W. Krska,
R. E. Maleczka, Jr., M. R. Smith III, Angew. Chem. Int. Ed.
2013, 52, 12915 – 12919; Angew. Chem. 2013, 125, 13153 – 13157.

[79] B. Chattopadhyay, J. E. Dannatt, I. L. Andujar-De Sanctis,
K. A. Gore, R. E. Maleczka, Jr., D. A. Singleton, M. R. Smi-
th III, J. Am. Chem. Soc. J. Am. Chem. Soc 2017, 139, 7864 –
7871.

[80] Y. Kuninobu, H. Ida, M. Nishi, M. Kanai, Nat. Chem. 2015, 7,
712 – 717.

[81] M. Mihai, R. Phipps, Synlett 2017, 28, 1011 – 1017.
[82] H. J. Davis, M. T. Mihai, R. J. Phipps, J. Am. Chem. Soc. 2016,

138, 12759 – 12762.
[83] H. J. Davis, G. R. Genov, R. J. Phipps, Angew. Chem. Int. Ed.

2017, 56, 13351 – 13355; Angew. Chem. 2017, 129, 13536 – 13540.
[84] M. T. Mihai, H. J. Davis, G. R. Genov, R. J. Phipps, ACS Catal.

2018, 8, 3764 – 3769.
[85] M. E. Hoque, R. Bisht, C. Haldar, B. Chattopadhyay, J. Am.

Chem. Soc. 2017, 139, 7745 – 7748.
[86] L. Yang, N. Uemura, Y. Nakao, J. Am. Chem. Soc. J. Am. Chem.

Soc 2019, 141, 7972 – 7979.
[87] L. Yang, K. Semba, Y. Nakao, Angew. Chem. Int. Ed. 2017, 56,

4853 – 4857; Angew. Chem. 2017, 129, 4931 – 4935.
[88] M. T. Mihai, B. D. Williams, R. J. Phipps, J. Am. Chem. Soc.

2019, 141, 15477 – 15482.
[89] J. R. Montero Bastidas, T. J. Oleskey, S. L. Miller, M. R.

Smith III, R. E. Maleczka, Jr., J. Am. Chem. Soc. 2019, 141,
15483 – 15487.

[90] Y. Saito, Y. Segawa, K. Itami, J. Am. Chem. Soc. 2015, 137,
5193 – 5198.

[91] B. E. Haines, Y. Saito, Y. Segawa, K. Itami, D. G. Musaev, ACS
Catal. 2016, 6, 7536 – 7546.

[92] S. L. Miller, G. A. Chotana, J. A. Fritz, B. Chattopadhyay, R. E.
Maleczka, Jr., M. R. Smith III, Org. Lett. 2019, 21, 6388 – 6392.

[93] S. A. Sadler, H. Tajuddin, I. A. I. Mkhalid, A. S. Batsanov, D.
Albesa-Jove, M. S. Cheung, A. C. Maxwell, L. Shukla, B.
Roberts, D. C. Blakemore, Z. Lin, T. B. Marder, P. G. Steel,
Org. Biomol. Chem. 2014, 12, 7318 – 7327.

[94] N. Primas, A. Bouillon, S. Rault, Tetrahedron 2010, 66, 8121 –
8136.

[95] J. F. Hartwig, Chem. Soc. Rev. 2011, 40, 1992 – 2002.
[96] J. Takagi, K. Sato, J. F. Hartwig, T. Ishiyama, N. Miyaura,

Tetrahedron Lett. 2002, 43, 5649 – 5651.
[97] T. Ishiyama, J. Takagi, Y. Yonekawa, J. F. Hartwig, N. Miyaura,

Adv. Synth. Catal. 2003, 345, 1103 – 1106.
[98] D. W. Robbins, J. F. Hartwig, Org. Lett. 2012, 14, 4266 – 4269.
[99] G. A. Chotana, V. A. Kallepalli, R. E. Maleczka, Jr., M. R.

Smith III, Tetrahedron 2008, 64, 6103 – 6114.

[100] M. Murai, N. Nishinaka, K. Takai, Angew. Chem. Int. Ed. 2018,
57, 5843 – 5847; Angew. Chem. 2018, 130, 5945 – 5949.

[101] P. Harrisson, J. Morris, T. B. Marder, P. G. Steel, Org. Lett. 2009,
11, 3586 – 3589.

[102] E. M. Beck, R. Hatley, M. J. Gaunt, Angew. Chem. Int. Ed.
2008, 47, 3004 – 3007; Angew. Chem. 2008, 120, 3046 – 3049.

[103] V. A. Kallepalli, F. Shi, S. Paul, E. N. Onyeozili, R. E. Mal-
eczka, Jr., M. R. Smith III, J. Org. Chem. 2009, 74, 9199 – 9201.

[104] L. Liu, G. Wang, J. Jiao, P. Li, Org. Lett. 2017, 19, 6132 – 6135.
[105] I. Sasaki, J. Taguchi, S. Hiraki, H. Ito, T. Ishiyama, Chem. Eur. J.

2015, 21, 9236 – 9241.
[106] B. Ghaffari, S. M. Preshlock, D. L. Plattner, R. J. Staples, P. E.

Maligres, S. W. Krska, R. E. Maleczka, Jr., M. R. Smith III, J.
Am. Chem. Soc. 2014, 136, 14345 – 14348.

[107] H. Hata, H. Shinokubo, A. Osuka, J. Am. Chem. Soc. 2005, 127,
8264 – 8265.

[108] S. Hiroto, I. Hisaki, H. Shinokubo, A. Osuka, Angew. Chem.
Int. Ed. 2005, 44, 6763 – 6766; Angew. Chem. 2005, 117, 6921 –
6924.

[109] H. Hata, S. Yamaguchi, G. Mori, S. Nakazono, T. Katoh, K.
Takatsu, S. Hiroto, H. Shinokubo, A. Osuka, Chem. Asian J.
2007, 2, 849 – 859.

[110] R. Shishido, I. Sasaki, T. Seki, T. Ishiyama, H. Ito, Chem. Eur. J.
2019, 25, 12924 – 12928.

[111] V. A. Kallepalli, K. A. Gore, F. Shi, L. Sanchez, G. A. Chotana,
S. L. Miller, R. E. Maleczka, Jr., M. R. Smith III, J. Org. Chem.
2015, 80, 8341 – 8353.

[112] G. R. Humphrey, J. T. Kuethe, Chem. Rev. 2006, 106, 2875 –
2911.

[113] F. Batool, S. Parveen, A. H. Emwas, S. Sioud, X. Gao, M. A.
Munawar, G. A. Chotana, Org. Lett. 2015, 17, 4256 – 4259.

[114] A. S. Eastabrook, C. Wang, E. K. Davison, J. Sperry, J. Org.
Chem. 2015, 80, 1006 – 1017.

[115] W. F. Lo, H. M. Kaiser, A. Spannenberg, M. Beller, M. K. Tse,
Tetrahedron Lett. 2007, 48, 371 – 375.

[116] F. Shen, S. Tyagarajan, D. Perera, S. W. Krska, P. E. Maligres,
M. R. Smith III, R. E. Maleczka, Jr., Org. Lett. 2016, 18, 1554 –
1557.

[117] S. Paul, G. A. Chotana, D. Holmes, R. C. Reichle, R. E.
Maleczka, Jr., M. R. Smith III, J. Am. Chem. Soc. 2006, 128,
15552 – 15553.

[118] J. Liyu, J. Sperry, Tetrahedron Lett. 2017, 58, 1699 – 1701.
[119] F.-M. Meyer, S. Liras, A. Guzman-Perez, C. Perreault, J. Bian,

K. James, Org. Lett. 2010, 12, 3870 – 3873.
[120] A. S. Eastabrook, J. Sperry, Aust. J. Chem. 2015, 68, 1810 – 1814.
[121] G. H. M. Davies, M. Jouffroy, F. Sherafat, B. Saeednia, C.

Howshall, G. A. Molander, J. Org. Chem. 2017, 82, 8072 – 8084.
[122] K. Mertins, A. Zapf, M. Beller, J. Mol. Catal. A Chem. 2004,

207, 21 – 25.
[123] C. C. C. J. Seechurn, V. Sivakumar, D. Satoskar, T. J. Colacot,

Organometallics 2014, 33, 3514 – 3522.
[124] M. R. Smith III, R. Bisht, C. Haldar, G. Pandey, J. E. Dannatt,

B. Ghaffari, R. E. Maleczka, Jr., B. Chattopadhyay, ACS Catal.
2018, 8, 6216 – 6223.

[125] Y. Feng, D. Holte, J. Zoller, S. Umemiya, L. R. Simke, P. S.
Baran, J. Am. Chem. Soc. 2015, 137, 10160 – 10163.

[126] R. Bisht, M. E. Hoque, B. Chattopadhyay, Angew. Chem. Int.
Ed. 2018, 57, 15762 – 15766; Angew. Chem. 2018, 130, 15988 –
15992.

[127] C. R. d. S. Bertallo, T. R. Arroio, M. F. Z. J. Toledo, S. A.
Sadler, R. Vessecchi, P. G. Steel, G. C. Clososki, Eur. J. Org.
Chem. 2019, 5205 – 5213.

[128] M. A. Larsen, J. F. Hartwig, J. Am. Chem. Soc. 2014, 136, 4287 –
4299.

[129] P. A. Cox, A. G. Leach, A. D. Campbell, G. C. Lloyd-Jones, J.
Am. Chem. Soc. 2016, 138, 9145.

Angewandte
ChemieReviews

2820 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 2796 – 2821

https://doi.org/10.1002/asia.201301423
https://doi.org/10.1021/jo100352b
https://doi.org/10.1021/jo100352b
https://doi.org/10.1021/ja1006405
https://doi.org/10.1021/ja1006405
https://doi.org/10.1002/anie.201805086
https://doi.org/10.1002/anie.201805086
https://doi.org/10.1002/ange.201805086
https://doi.org/10.1021/ja8015878
https://doi.org/10.1021/ja8015878
https://doi.org/10.1246/cl.180594
https://doi.org/10.1021/ol5031734
https://doi.org/10.1021/ja303443m
https://doi.org/10.1021/ja303443m
https://doi.org/10.1002/anie.201306511
https://doi.org/10.1002/anie.201306511
https://doi.org/10.1002/ange.201306511
https://doi.org/10.1021/jacs.7b02232
https://doi.org/10.1021/jacs.7b02232
https://doi.org/10.1038/nchem.2322
https://doi.org/10.1038/nchem.2322
https://doi.org/10.1021/jacs.6b08164
https://doi.org/10.1021/jacs.6b08164
https://doi.org/10.1002/anie.201708967
https://doi.org/10.1002/anie.201708967
https://doi.org/10.1002/ange.201708967
https://doi.org/10.1021/acscatal.8b00423
https://doi.org/10.1021/acscatal.8b00423
https://doi.org/10.1021/jacs.7b04490
https://doi.org/10.1021/jacs.7b04490
https://doi.org/10.1021/jacs.9b03138
https://doi.org/10.1021/jacs.9b03138
https://doi.org/10.1002/anie.201701238
https://doi.org/10.1002/anie.201701238
https://doi.org/10.1002/ange.201701238
https://doi.org/10.1021/jacs.9b07267
https://doi.org/10.1021/jacs.9b07267
https://doi.org/10.1021/jacs.9b08464
https://doi.org/10.1021/jacs.9b08464
https://doi.org/10.1021/jacs.5b02052
https://doi.org/10.1021/jacs.5b02052
https://doi.org/10.1021/acscatal.6b02317
https://doi.org/10.1021/acscatal.6b02317
https://doi.org/10.1021/acs.orglett.9b02299
https://doi.org/10.1039/C4OB01565G
https://doi.org/10.1016/j.tet.2010.08.001
https://doi.org/10.1016/j.tet.2010.08.001
https://doi.org/10.1039/c0cs00156b
https://doi.org/10.1016/S0040-4039(02)01135-8
https://doi.org/10.1002/adsc.200303058
https://doi.org/10.1021/ol301570t
https://doi.org/10.1016/j.tet.2008.02.111
https://doi.org/10.1002/anie.201801229
https://doi.org/10.1002/anie.201801229
https://doi.org/10.1002/ange.201801229
https://doi.org/10.1021/ol901306m
https://doi.org/10.1021/ol901306m
https://doi.org/10.1002/anie.200705005
https://doi.org/10.1002/anie.200705005
https://doi.org/10.1002/ange.200705005
https://doi.org/10.1021/jo901822b
https://doi.org/10.1021/acs.orglett.7b03008
https://doi.org/10.1002/chem.201500658
https://doi.org/10.1002/chem.201500658
https://doi.org/10.1021/ja506229s
https://doi.org/10.1021/ja506229s
https://doi.org/10.1021/ja051073r
https://doi.org/10.1021/ja051073r
https://doi.org/10.1002/anie.200502335
https://doi.org/10.1002/anie.200502335
https://doi.org/10.1002/ange.200502335
https://doi.org/10.1002/ange.200502335
https://doi.org/10.1002/asia.200700086
https://doi.org/10.1002/asia.200700086
https://doi.org/10.1002/chem.201903776
https://doi.org/10.1002/chem.201903776
https://doi.org/10.1021/acs.joc.5b01588
https://doi.org/10.1021/acs.joc.5b01588
https://doi.org/10.1021/cr0505270
https://doi.org/10.1021/cr0505270
https://doi.org/10.1021/acs.orglett.5b02050
https://doi.org/10.1021/jo502509s
https://doi.org/10.1021/jo502509s
https://doi.org/10.1016/j.tetlet.2006.11.083
https://doi.org/10.1021/acs.orglett.6b00356
https://doi.org/10.1021/acs.orglett.6b00356
https://doi.org/10.1021/ja0631652
https://doi.org/10.1021/ja0631652
https://doi.org/10.1016/j.tetlet.2017.03.051
https://doi.org/10.1021/ol1015674
https://doi.org/10.1071/CH15393
https://doi.org/10.1021/acs.joc.7b01331
https://doi.org/10.1016/S1381-1169(03)00470-9
https://doi.org/10.1016/S1381-1169(03)00470-9
https://doi.org/10.1021/om500420d
https://doi.org/10.1021/acscatal.8b00641
https://doi.org/10.1021/acscatal.8b00641
https://doi.org/10.1021/jacs.5b07154
https://doi.org/10.1002/anie.201809929
https://doi.org/10.1002/anie.201809929
https://doi.org/10.1002/ange.201809929
https://doi.org/10.1002/ange.201809929
https://doi.org/10.1002/ejoc.201900608
https://doi.org/10.1002/ejoc.201900608
https://doi.org/10.1021/ja412563e
https://doi.org/10.1021/ja412563e
https://doi.org/10.1021/jacs.6b03283
https://doi.org/10.1021/jacs.6b03283
http://www.angewandte.org


[130] I. A. I. Mkhalid, D. N. Coventry, D. Albesa-Jove, A. S. Batsa-
nov, J. A. K. Howard, R. N. Perutz, T. B. Marder, Angew.
Chem. Int. Ed. 2006, 45, 489 – 491; Angew. Chem. 2006, 118,
503 – 505. A recent report has shown that during borylations
requiring elevated temperatures and longer reaction times,
dissociation of dtbpy can occur as observed by borylated
adducts being detected see ref. [53].

[131] T. Tagata, M. Nishida, Adv. Synth. Catal. 2004, 346, 1655 – 1660.
[132] A. Ros, B. Estepa, R. Llpez-Rodr&guez, E. _lvarez, R.

Fern#ndez, J. M. Lassaletta, Angew. Chem. Int. Ed. 2011, 50,
11724 – 11728; Angew. Chem. 2011, 123, 11928 – 11932.

[133] G. Wang, L. Liu, H. Wang, Y.-S. Ding, J. Zhou, S. Mao, P. Li, J.
Am. Chem. Soc. 2017, 139, 49.

[134] Y. Yang, Q. Gao, S. Xu, Adv. Synth. Catal. 2019, 361, 858 – 862.
[135] M. R. Smith III, R. E. Maleczka, Jr., A. K. Venkata, E. Onyeo-

zili, Process for Producing Oxazole, Imidazole, Pyrazole Boryl
Compounds, US Pat. 7,709,654B2, 2008.

[136] J. S. Wright, P. G. Steel, unpublished results.
[137] S. A. Sadler, A. C. Hones, B. Roberts, D. Blakemore, T. B.

Marder, P. G. Steel, J. Org. Chem. 2015, 80, 5308 – 5314.
[138] B. A. Egan, P. M. Burton, RSC Adv. 2014, 4, 27726.
[139] A. W. Baggett, M. Vasiliu, B. Li, D. A. Dixon, S. Y. Liu, J. Am.

Chem. Soc. 2015, 137, 5536 – 5541.
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[141] M. Klečka, L. P. Slavět&nsk#, M. Hocek, Eur. J. Org. Chem.

2015, 7943 – 7961.

Manuscript received: January 29, 2020
Revised manuscript received: March 9, 2020
Accepted manuscript online: March 22, 2020
Version of record online: November 3, 2020

Angewandte
ChemieReviews

2821Angew. Chem. Int. Ed. 2021, 60, 2796 – 2821 T 2020 The Authors. Published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1002/anie.200503047
https://doi.org/10.1002/anie.200503047
https://doi.org/10.1002/ange.200503047
https://doi.org/10.1002/ange.200503047
https://doi.org/10.1002/adsc.200404179
https://doi.org/10.1002/anie.201104544
https://doi.org/10.1002/anie.201104544
https://doi.org/10.1002/ange.201104544
https://doi.org/10.1002/adsc.201801292
https://doi.org/10.1021/acs.joc.5b00452
https://doi.org/10.1039/c4ra04235b
https://doi.org/10.1021/jacs.5b01916
https://doi.org/10.1021/jacs.5b01916
http://www.angewandte.org

