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Abstract: Direct borylation of C–H bonds is a privileged strategy to access versatile building blocks and valuable
derivatives of complex molecules (late-stage functionalization, metabolite synthesis). This perspective aims to
provide an overview and classification of the catalytic systems developed in this fast-growing area of research.
Unexpected selectivity differences between two established directed-borylation systems have been discovered
using high-throughput experimentation highlighting the importance of classical control experiments in catalysis
research.
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1. Introduction
C–H activation has been called ‘the holy grail’ of organic

chemistry, as achieving selective C–H activation in a molecule
containing tens of different C–H bonds would give chemists an
immense power to modify molecules at will.[1]Among the diver-
sity of bond-forming reactions accessible via C–H activation,
iridium catalyzed C–H borylation has gathered particular inter-
est due to the mild reaction conditions, wide functional group
tolerance and the synthetic versatility of the resulting C–B bond
(Scheme 1).[2]
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Scheme 1. C–H Borylation and diversification reactions opportunities.
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(Fig. 1, ImIr-4).[11] This robust, single component pre-catalyst un-
dergoes HBpin mediated activation with formation of unsaturated
iridacycle exhibiting high activity for amide directed borylation of
aromatic, heteroaromatic, and acrylic systems.

As the number of newly reported iridium-ligand systems
continues to rise, there is a concurrent increase in the number
of reports detailing the simplest system: ligand-free C–H bory-
lation. Typically, these processes only require [Ir(COD)OMe]

2
and a boron source (Fig. 1, 5).[12] The boundaries between the
mentioned categories of borylation catalysts and their mechanis-
tic modes of action are not always clear-cut. For instance, N,N-
bidentate ligands such as 2, or 3 could undergo rollover cyclo-
metallation to form a C,N bidentate ligand.[13] Likewise, the pos-
sibility of competition between ligated and ligand-free borylation
cannot be ruled out, especially for catalysts formed in situ from
[Ir(COD)OMe]

2
. In view of these ambiguities, we considered

that the field would benefit from direct, side-by-side comparison
studies between different C–H borylation methods and substrates
bearing various directing groups. These studies would help to pro-
vide guidance for the application of these methods to complex
substrates.[14]

2. Comparison of Ligand-free and Imine-ligated C–H
Borylation

Our investigation commenced with a comprehensive explo-
ration of ligand-free C–H borylation, comparing it side-by-side
with our recently published ImIr-4 catalyst system. To evalu-
ate the reactivity of various directing groups, a high-throughput
screening of 24 substrates bearing functional groups, commonly
found in bioactive molecules, was conducted. Subsequently, we
organized the substrates based on their reactivity, with substrate
conversion determined via quantitative GC analysis (Scheme 2).
Regioselectivity was assessed by GC and GCMS analysis of the
crude reaction mixtures, where the assignment of minor meta-/
para-isomers was aided by comparison with reference reactions
catalyzed by the unselective [Ir(COD)OMe]

2
/tetramethylphen-

anthroline ligand (1). For all performing substrates presented in
Scheme 2, but tBu-ester, an excellent ortho-selectivity was ob-
served for both directed borylation methods (sum ortho + bis-

Various catalytic systems and strategies to influence the reac-
tion regio- and chemo-selectivity have been designed during the
past 20 years. The initial reports spearheaded by Hartwig, Miy-
aura, Ishiyama as well as Smith focused on sterically or elec-
tronically directed C(sp2)–H borylations (Fig. 1a) utilizing N,N-
bidentate ligands.[3] It is presumed that N,N-ligated tris-boryl
iridium complex is the key active species catalyzing C–H activa-
tion of the substrate. These catalysts, represented by
[Ir(COD)OMe]

2
/tetramethylphenanthroline (1), allow for func-

tionalization of the most sterically accessible and/or electroni-
cally favored C–H bonds, but often lead to generation of regioiso-
mer mixtures (e.g. meta- /para- derivatives of mono substituted
benzenes). The latest developments in this area include the use of
air stable pre-catalysts,[4] improved regioselectivity by the use of
sterically encumbered ligands,[5] use of predictive models,[6] and
progress towards C(sp3)–H borylation.[7]

More recently, functional group directed C–H borylations have
emerged, in which a coordinating motif (directing group DG) gov-
erns the regioselectivity of the C–B coupling.[2c,8] Generally this
is achieved by a clever ligand design allowing for an outer sphere
attractive interaction between the ligand and a suitable direct-
ing group (DG) of the starting material (Fig. 1b) or by an inner
sphere chelation of the directing group (DG) to the iridium metal
center (Fig. 1c). An example of the first approach is urea derived
ligand 2 for meta-directed borylation of arenes and hetero-
arenes possessing various DGs such as amides, esters, and
phosphonates.[9] Outer-sphere ligand-substrate interactions may
play a role in some ortho-selective borylations as well. CF

3
-sub-

stituted bipyridine ligand 3 has been reported to form a highly
ortho-selective system for amide directed borylation of aryl and
heteroaryl substrates. The authors propose the selectivity to origi-
nate from dispersion interactions between the carbonyl group of
the substrate and the CF

3
-pyridine ring of the ligand.[10] The last,

inner sphere interaction based approach (Fig. 1c), utilizes unsatu-
rated iridium complexes with a vacant coordination site. This en-
ables the direct binding of the directing group to the iridium center,
facilitating selective ortho C–H functionalization via metalacyclic
intermediate. Our team recently reported a new class of bis-cy-
clometallated iridium catalysts employing imines as C,N-ligands
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Fig. 1. Iridium catalyzed C–H borylation. Common strategies to influence the regioselectivity: a) Sterically or electronically directed, b) Outer sphe-
re (ligand – substrate) directed, and c) Inner sphere (metal – substrate) directed. Mechanistic proposals representing the common strategies and
selected examples of iridium catalyst and ligand structure developed within each class. DG = Directing group, FG = functional group, COD =
1,5-Cyclooctadiene, X = represents an anionic ligand, Y = represents a neutral ligand.
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Mechanistic studies on ImIr catalysis have revealed the for-
mation of a key bis-cyclometallated species with imine ligands
and substrates bound to the metal (Scheme 4b).[11] In analogy,
we propose that substrates performing well under the ligand-free
conditions may modify the catalyst and act as its own ligand in
the process (Scheme 4a),[17] drawing parallels to a similar mecha-
nism observed in ruthenium catalyzed C–H functionalization of
phenylpyridine derivatives.[18]

3. Conclusions
We have used high-throughput experimentation to study the

iridium catalyzed borylation of substrates bearing diverse direct-
ing groups in the presence and absence of an exogenous ligand for
the iridium catalyst. While the imine ligated iridium catalyst gen-
erally proved more effective, our results uncover that ‘ligand free’
conditions can be a simple and synthetically practical method for
directed ortho-borylation of a number of substrates, notably those
bearing S or N based directing groups.

The presented report highlights the importance of running test
reactions in the absence of ligands (control experiments), espe-
cially when exploring new substrate classes or developing new
ligands. Studies focusing on the application of directed and non-
directed C–H borylation methods for late-stage functionalization
of biologically active compounds are currently underway in our
laboratory, and we will share the results in due course.

ortho-borylation product vs other isomers > 20:1 GC-FID ratio).
The results revealed interesting differences between the twometh-
ods. Notably, the substrate scope of the ImIr-4 C–H borylation
(Scheme 2b) is broader, providing superior conversions for sub-
strates that coordinate through oxygen directing group such as
esters, carbonates, and bulky ketones.

An interesting observation pertains to amide directing groups,
where the ImIr-4 system excels with tertiary amides but encoun-
ters challenges with secondary amides, particularly when the
substituents are less bulky (tBu > nBu). Conversely, the ligand-
free system (Scheme 2a) exhibits better acceptance of less bulky
N-substituents. We posit that this shift in reactivity may result
from the N vs O coordination preferences of the corresponding
catalyst. Certain directing groups, such as heterocycles, benzyl
thioethers (as previously reported by Li[15]), and benzyl amines
(as previously reported by Chattopadhyay[12d]) demonstrated very
high reactivity under our ligand-free screening conditions. In gen-
eral, directing groups containing softer Lewis basic heteroatoms
(N, S) proved to be more reactive compared to those with harder
oxygen-containing directing groups. To the best of our knowl-
edge, only heterocycles connected to the phenyl group through
a linker (forming a 6-iridacycle) have previously been reported
to perform under the ligand-free borylation conditions.[12c,12d,16]

To validate our initial screening results, borylation of aryl-
heteroaryl type substrates has been scaled up, and the resulting
products have been characterized (Scheme 3).
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Scheme 2. Evaluation of substrate reactivity with different directing groups (DG) under a) ligand-free C–H borylation conditions and b) ImIr-4 condi-
tions. Reactions were conducted in 96-well Paradox plates at a 0.08 mmol scale. Conversion of starting material was determined using quantitative
GC FID. Regioselectivity (ortho : meta/para) for productive examples was >20:1 unless otherwise indicated.
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Scheme 4. Proposed reaction mechanism of directed C–H borylation a) ligand-free conditions and b) ImIr-4 conditions.
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Scheme 3. Borylation of heterocyclic substrates. Yield determined by 1H
NMR analysis of the crude reaction mixture using 1,2,4,5-tetramethyl-
benzene as internal standard. aNMR yield refers to the combined yield of
mono- and bis-borylated product.
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