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Functionalization of all three distinct C-H bonds (para, meta, and ortho) within
a particular arene has remained a long-standing challenge in chemical synth-
esis. However, overcoming this challenge would significantly benefit medicinal
chemistry and drug discovery research. It would also streamline lengthy syn-
thetic pathways, making them more efficient for total synthesis and industrial
applications. The present study aims to address the challenge of functiona-
lizing all three distinct C-H bonds (para, meta & ortho) within diverse classes of
arenes. Here, we report, a general concept demonstrating the ability of a single
ligand framework to selectively activate all three electronically distinct C-H
bonds (para, meta & ortho) of a given arene just by varying the additives under
iridium catalysis. The proposed mechanistic aspects are validated by experi-

mental results and DFT computations. In addition, the developed method
enables the selective installation of a deuterium atom or other functional
groups at any desired C-H bond of arenes using boron as the linchpin. Finally,
the application of the developed method using a single ligand scaffold is
demonstrated in the short synthesis of an indole-derived combretastatin

molecule.

Transition metal-catalyzed C-H bond functionalization'™® is a key syn-
thetic tool for selectively transforming specific C-H bonds’ ™ (either
ortho or meta or para) in aromatic compounds. Despite its sig-
nificance, direct functionalization of different types of C-H bonds by a
single catalyst remains a long-standing challenge in chemical synthesis.
However, if successfully implemented, it could rapidly generate
diverse molecular scaffolds, potentially advancing medicinal chem-
istry and drug discovery"” by streamlining multiple synthetic steps and
exploring the molecular properties related to the drug discovery
program'®”. For example, the different positional isomers of aspirin
(o/m/p-NSOH-aspirins)'® exhibit strong inhibition of HT29 human
colon cancer cell proliferation and possess unique characteristics that

could be utilized in the development of potent drug candidates
(Fig. 1A). Thus, to improve the structure activity relationship (SAR),
functionalization of different C-H bonds of arenes in a regioselective
manner would be highly beneficial. In this context, aromatic amides',
phenols® and related molecular scaffolds that are important in biology
and prevalent in living organisms, provide significant versatility for
functionalization in organic chemistry”*?. These molecular scaffolds
are crucial for developing biologically active molecules, including
peptides, proteins, and drugs for cancer and infectious diseases, sig-
nificantly impacting drug discovery, medicinal chemistry, and related
fields. As a result, enabling C-H bond functionalization of these
important molecular scaffolds would be a major development in
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A. Representative examples for functionalization of all three C-H bonds of arene and their effects in medicinal chemistry
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Fig. 1| Previous developments and ligand design for the functionalization of all
three different C-H bonds of arenes. A Representative example for functionali-
zation of all three C-H bonds of arene and their effects in medicinal chemistry;

B Previous development of C-H functionalization; C This Work: One ligand-all three
functionalizable C-H bonds; D Working model of all three functionalizable
C-H bonds.

chemical synthesis. But difficulties rely in designing an appropriate
catalyst system for each type of C-H bond. For example, ortho C-H
functionalization” > typically relies on the directing ability*® of the
functional group that usually forms five- or six-membered cyclic
transition state®® with the metal. In contrast, meta and para C-H
functionalization® require specific catalyst designs or substrate mod-
ifications for optimal geometry®>*2. Moreover, the approaches for
meta and para selective C-H bond functionalization®*” often involve
distinct strategies, such as substrate engineering or using different set
of ligands/catalysts". Consequently, for each type of C-H bond func-
tionalization, a different set of ligands/catalysts is necessary because of
the requirement of specific distance and geometry for preferred cyclic
transition state®. Several approaches can drive remote C-H functio-
nalization, including sterically controlled***°, template design®, tran-
sient mediator’® or transient directing group* attached with the
substrate (Fig. 1B). However, these methods often require additional
steps for substrate modification and the design of new templates.
Besides these, there is no general method available to functionalize all
three distinct C-H bonds (para-meta-ortho) of a given molecular
scaffold or a pharmacophore. Typically, the activation of these dif-
ferent C-H sites necessitate distinct ligand scaffolds and optimized
reaction conditions, owing to their intrinsic electronic properties and
geometric constraints.

In this work, we address the aforementioned challenges by
introducing a single ligand strategy, wherein site-selectivity can be
precisely modulated through the rational variation of additives. This
approach establishes a versatile platform that enables controlled
activation of electronically distinct C-H bonds within a single catalytic
framework (Fig. 1C). In the field of iridium-catalyzed C-H borylation®*,
ligands have been pivotal in achieving excellent reactivity, and site-
selectivity. Innovative ligand designs are crucial for advancing bor-
ylation chemistry, requiring a diimine-type backbone (e.g., bipyridine)
for Ir binding, and a noncovalent procreator for guiding selectivity.
Drawing inspiration from diverse weak interactions®**, we have
developed 7-Aza-BPY (L1) for the iridium-catalyzed C-H borylation. We
anticipated that azaindole being an electronically rich scaffold and
bioisostere of indole ring*, could independently or synergistically with
other additives facilitate the desired site-selectivity through non-
covalent interactions within the realm of C-H borylation (Fig. 1D).
Having remarkable importance of the catalytic C-H borylation’”® in
organic synthesis, here we report a concept by the design of a single
ligand scaffold (L1: 7-Aza-BPY) that produces an efficient catalytic
system, which selectively activate and functionalize all three distinct
C-H bonds (para, meta & ortho). Notably, our strategy is versatile,
spanning across a wide range of substrate classes, encompassing
aromatic amides, phenols, and other diverse types of substrates.
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A. Screening of different additives with amide as model substrate
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Fig. 2 | Reaction development for all three C-H bonds (para, meta & ortho).
A Screening of different additives with amide as model substrate; B Titration with
KO'Bu and tuning of selectivity; C Initial investigation; D Catalytic activity of
Complex-A (Optimized conditions for para borylation); E Development of ortho

selective borylation; GC/MS ratios and conversions are given using dodecane as
internal standard. *Conversions and selectivities were measured by analysis of
crude 'H NMR. See SI for details.

Results

Reaction Development

Initially, our comprehensive study using the developed ligand (L1: 7-
Aza-BPY) in presence of [Ir(cod)(OMe)], with diverse classes of arenes
revealed predominantly non-selective borylations (See Fig. S1 in SI for
details). Subsequently, using aromatic amide (1a) as the model sub-
strate, we introduced various additives. Consequently, we incorpo-
rated several alkali metal salts in quantities equivalent to the ligand
loading (3.0mol%). This revealed very surprising and intriguing
results. The incorporation of various alkali metal salts, including
KO'Bu, NaO'Bu, KOPiv, KOAc, NaOAc and KF was observed to exert a
notable impact on the borylation reaction (entries 3-8, see Table S1 in
SI for details) (Fig. 2A). Notably, the pronounced para-selective (82%
para selectivity) borylation was achieved using KO'Bu (3.0 mol%) with
almost quantitative conversion (Fig. 2A, entry 3). Then, we were cur-
ious about the outcomes if we vary the loading of KO'Bu under the
same reaction conditions. Accordingly, an extensive KOBu titration
was carried out up to 19.0 mol% loading (Fig. 2B), which disclosed an
unusual switching of selectivity between the para and meta C-H bonds
of the substrate (1a). We observed from this titration experiment that

while the best para selectivity (para/meta/ortho = 97/3/0) is obtained
with 2.0 mol% KO'Bu, the best meta selectivity (para/meta/ortho = 4/
96/0) is achieved with 14.0 mol% KO‘Bu (Fig. 2B). After achieving
notable switchable selectivity, we hypothesized that varying the KO‘Bu
loading might form different in situ complexes, contributing to the
switchable selectivities. Subsequently, inspired by Marder’s pioneering
work®, we envisioned that B,pin,, in conjunction with KO'Bu and
ligand L1, alongside with iridium metal, might form diverse catalytic
systems that are crucial for achieving flexible remote selectivity
switches.

Following this hypothesis, we prepared Complex-A (Fig. 2C),
which confirmed that the two boron atoms are completely different in
nature (one boron atom is sp*, giving 37.9 ppm in "B NMR and the
other one is sp® coordinated by tert-butoxide that resulted in 5.3 ppm
in "B NMR) (Fig. 2C). Next, to understand the role of Complex-A, we
performed a control experiment using Complex-A as an additive
instead of the KO'Bu, which afforded 98% para selectivity that is even
better than the outcomes of the 2.0 mol% KO'Bu result (Fig. 2D). Thus,
this control experiment indicated that the in situ generated Complex-
A with lower KOBu loading is primely responsible for the para
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selectivity. Hence, the para borylation was performed using Complex-
A (1.3 mol%) as our optimized additive and the meta borylation was
conducted using 14.0 mol% KO'Bu as the optimized additive.

After conducting the borylation reaction employing various alkali
metal salts, we then examined the borylation reaction across a spec-
trum of organic bases (Fig. 2E, see Table S4 in SI for details). We found
that while the inorganic base (KOBu) afforded remote para and meta
selective borylation depending on the loadings of additive and
developed ligand (L1), surprisingly, replacing the inorganic additive
KO'Bu with organic base DABCO (3.0 mol%, entry 1) changed the whole
scenario from remote to proximal ortho selectivity (97% ortho selec-
tivity with 86% conversion). In this study, we found that organic bases
as additives differed significantly from inorganic bases in terms of
outcomes. Notably, the inclusion of 3.0 mol% urotropine also yielded a
remarkable 98% ortho-selectivity (entry 2). Seeking further enhance-
ments, we conducted experiments by varying the loading of DABCO
and urotropine. With 5.0 mol% DABCO, we achieved even higher ortho
selectivity (99%) and better conversion (92%). Similarly, using 5.0 mol%
urotropine led to comparable selectivity, albeit with a slightly reduced
conversion (See Sl for other additive screening).

Substrate scope: switchable C—H borylation of diverse classes
of arenes

Achieving the optimized reaction conditions (Fig. 2) for the functio-
nalization of all three distinct C-H bonds (para, meta & ortho) of arenes
using a single ligand scaffold (L1: 7-Aza-BPY), we then studied the
applicability of these reactions. Our initial focus involved exploring the
viability of the developed conditions for arenes containing various
unsubstituted aromatic amides (Fig. 3A). To our delight, the catalytic
conditions (Conditions A-C) displayed remarkable efficiency for all
three C-H bonds (para, meta, ortho) (entries 2a-20) across a broad
range of different amides with varying N-substitutions.

Notably, our method’s effectiveness extended beyond N,N-di-
substituted amides; even mono N-substituted amides (1p & 1q), which
possess an available N-H proton, successfully underwent switchable
borylation. Moreover, the method proved effective for homologous
N,N-disubstituted amides (Ir), resulting in switchable para and meta
selective borylation. This inclusive applicability across various N-sub-
stituted amides underlines the potency of the developed approach,
which relies on a singular ligand framework (L1) achieved through
strategic additive interactions.

We then expanded the scope of the reaction using various other
classes of substrates, with a specific focus on phenols. Among them,
phenols bearing carbamate (Is-1u), phosphonate (1x) and phospho-
namide (1z) displayed excellent reactivity under the developed con-
ditions, affording switchable para, meta and ortho borylation (Fig. 3B).
However, the substrates (1Iv & 1x) did not react under the ortho bor-
ylation conditions. Notably, our strategy extends beyond amides and
phenols, demonstrating excellent tolerance for diverse substrates,
such as 1-methyl-3-phenylimidazolidin-2-one (1y), wherein we achieved
switchable C-H borylation of all three C-H bonds. Moreover, sulfona-
mides (1aa, 1bb) and phenyl(triisopropylsilyl)methanone (1cc) were
also found to be well tolerated under our optimized reaction
conditions.

We subsequently explored the potential of our approach to
achieve switchable remote (para and meta) C-H borylation in multi-
substituted aromatic amides (Fig. 4). We found that a large number of
ortho-substituted aromatic amides smoothly underwent borylations
affording switchable para and meta borylated products (entries 4a-4i).
For instance, electronically diverse ortho substituents like Me, OMe, F,
Cl, Br, CF;, OCF3, Ph, and p-tolyl, which can significantly alter the
electronic nature of the substrates, resulted in para and meta bory-
lated products with excellent regioselectivities. Similarly, the remote
para and meta-C-H bonds of 2,5-, 2,3- and 2,6-di-fluoro-substituted
substrates (3k, 31 & 3p) can selectively be functionalized without

touching other C-H bonds. Sterically congested substrates (3m & 3n)
were also found to be compatible to provide the switchable remote
borylation. Notably, from a competitive study between two different
functional groups in the same substrate (30), it was observed that the
amide functionality (91% para & 93% meta selectivity) is dominating
over the ester group. Next, we were curious for the remote borylation
for those substrates bearing a substituent at the para position (since,
meta borylation in presence of a para-substituent is still an extra-
ordinary challenge because of the steric reason). Accordingly, we
performed the reactions under the developed meta borylation condi-
tions and found that regardless of the substituents present at the para
position of the arenes, all the substrates (3r-3x) afforded excellent
meta borylation. Furthermore, the versatility of our strategy has been
successfully demonstrated with various other classes of substituted
arenes (Fig. 4). For instance, a wide range of electronically distinctive
ortho-substituted arenes underwent borylation providing switchable
para and meta products. Additionally, we extended our reaction to
3-substituted arenes and found that even for these substrates,
switching of selectivity between meta and para can also be achieved.
This further strengthens the broad applicability and effectiveness of
our developed approach.

To this end, the method was examined further for the scope of
ortho C-H bonds of substituted arenes (Fig. 5). For example, we first
tested the borylation with the meta-substituted aromatic amides
employing the same reaction conditions in presence of DABCO as
additive, which afforded exclusively the ortho selective borylation
(entries 5a,-5f,). Notably, for para-substituted aromatic amides,
despite the presence of other competitive C-H bonds, the ortho bor-
ylation conditions were found to be so selective that it did not produce
any other borylations (entries 5g,-5n,). Moreover, it has been
observed that the reaction is highly selective for various 3,4-, 2,3-, 2,5-,
3,5- and 2-substituted aromatic amides (entries 50,-5t,). Here it
should be mentioned that few substrates underwent ortho borylation
in presence of urotropine instead of DABCO (entries 5q,-5t,). Fur-
thermore, we expanded the scope of ortho borylation for the
4-substituted carbamate-protected phenols that provided high ortho
selectivity and yields of the products (entries 5u,-5z,).

Synthetic Applications

Whereas the late-stage C-H functionalization" is always an important
synthetic application for the innovation of new drugs and drug-like
molecules, but it is also challenging to selectively functionalize a par-
ticular C-H bond of a complex molecule. Pleasingly, our developed
approach demonstrated that it can effectively be applied toward the
late stage borylation of various molecules containing biologically
important scaffolds (Fig. 6A). For example, we showed that even in the
presence of so many similar C-H bonds, seasamol (6a), piperonylic
acid (6b), mefenamic acid (6c), borneol (6d), naproxen (6e), mono-
benzone (6f) and tocopherol (6g) derived amides can be selectively
activated to put a boron functionality at the desired position with high
yields.

The synthetic utilities of this approach have been further
demonstrated by the diversification of the functionalized products.
We first selected a substrate (3j) having a fluorine atom at the meta
position, which is a challenging substrate for the borylation because of
the presence of electronically indistinguishable C-H bonds that often
produces a mixture of products. Our aim was to functionalize all three
different types of C-H bonds of this substrate using the developed
single ligand (L1: 7-Aza-BPY). Accordingly, we performed the reac-
tions and found that all three C-H bonds of this substrate (3j) can
selectively be activated and functionalized by installing a boron func-
tionality, which eventually can further be functionalized by deutera-
tion and arylation to achieve three different isomers in pure form
(Fig. 6B). This application demonstrated the powerfulness of the
developed strategy as well as the developed ligand framework (L1) that
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Fig. 3 | Functionalization of all three different C-H bonds of unsubstituted
diverse classes of arenes. A Scope of unsubstituted arenes bearing numerous
amide functionalities; B Scope of unsubstituted arenes bearing numerous other
classes of functionalities; Reactions are carried out in 0.2 mmol scale. Isolated
yields are reported based on the substrate as limiting agent. GC/MS ratios are given

using dodecane as internal standard. *Conversions and selectivities were measured
by analysis of crude 'H NMR. ®Isolated along with di-meta isomer. ‘Additional di-
meta isomer was found. nr = no reaction, nos = no ortho selectivity. For detailed
isolation of the products and isomer ratios, see the Supporting Information.

may find wide application in the context of the medicinal chemistry, to
cut the long steps into shorter for the total synthesis, industrial
deployment and other C-H bond functionalization chemistry.

For further application of our developed method using a single
ligand (7-Aza-BPY), we targeted N-amide indole (16, due to the pre-
valence of C3-functionalized indole-containing drugs) for the regio-
selective borylation (Fig. 6C). We observed that N-amide indole (16)
under our developed para borylation conditions yielded 93% C5

selectivity and complete (100%) C2 selectivity under ortho borylation
conditions (Fig. 6C). Notably, while C5-substituted indoles are com-
mon in natural products, borylation at the C5 position is under-
explored due to multiple challenges®. Moreover, achieving C2
borylation at such a sterically hindered position presents challenges.
But our developed single ligand strategy has successfully demon-
strated highly regioselective switchable proximal and remote boryla-
tion of N-amide indole moiety.
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Fig. 4 | Functionalization of para and meta C-H bonds of substituted arenes.
Reactions are carried out in 0.2 mmol scale. Isolated yields are reported based on
the substrate as limiting agent. GC/MS ratios are given using dodecane as internal
standard. *Conversions and selectivities were measured by analysis of crude 'H

NMR. YYields referred to the isolated materials with the para isomers. “Based on
GC/MS analysis of the crude reaction mixture using dodecane as the internal
standard. For detailed isolation of the products and isomer ratios, see the Sup-
porting Information.

Finally, we have shown the application of our method for the short
synthesis of an indole-derived combretastatin molecule®* using a sin-
gle ligand L1 (7-Aza-BPY). We showed that this important molecule
(23) can be synthesized following three consecutive C-H borylations
as the key synthetic steps in good yield using our developed methods
(Fig. 6D). For example, the first intermediate (20) can be achieved from
N-amide indole (19, R = H) by the C3 borylation followed by the ary-
lation. The second intermediate (21) can be prepared by the
CS selective borylation followed by a routine methoxylation in good
yield. Subsequently, the third intermediate (22) can be prepared by the
C2 selective borylation followed by the heteroarylation. The target
molecule (23) can be achieved in 95% yield by a simple deprotection
from the intermediate (22).

Preliminary mechanistic studies

Next, we focused our attention toward the preliminary understanding
of the switchable selectivities of all three functionalizable C-H bonds
(para, meta & ortho) by a single ligand scaffold (L1).

Origin of para selective borylation

After identifying the additive (Complex-A) (Fig. 2D) for the para bor-
ylation, we then became interested in to know the plausible inter-
mediate generated in situ that might be responsible for the observed
para selectivity. Since the Complex-A has two different types of boron
atoms (sp” and sp®) (Fig. 2C), thus we envisioned that the sp* boron
atom having a vacant p-orbital may engage in weak interaction (if so,
then the boron value should be altered in "B NMR) with either the
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Fig. 5 | Functionalization of ortho C-H bond of substituted arenes. Reactions are
carried out in 0.2 mmol scale. Isolated yields are reported based on the substrate as
limiting agent. GC/MS ratios are given using dodecane as internal standard. 10 mol
% DABCO was used. ®5 mol% DABCO was used. <10 mol% Urotropine was used.

dConversions and selectivities were measured by analysis of crude 'H NMR. For
detailed isolation of the products and isomer ratios, see the Supporting
Information.

ligand (L1) or with the substrate (1a). Thus, a control experiment was
performed where stoichiometric ratio of L1 and Complex-A was stir-
red at room temperature in MTBE solvent that resulted in an unknown
complex (Complex-B), which showed an upfield boron value at
around 31.4 ppm from 37.9 ppm in "B NMR (Fig. 7A). The upfield shift
in the "B NMR signal indicates that the boron atom is likely partici-
pating in a weak interaction with the ligand (L1) (see SI for more
detailed control experiments).

Since the ligand L1 contains two distinct parts capable of inter-
acting with the sp? boron of Complex-A: a bipyridine unit and a 7-aza-
indole unit, thus to verify the probable interacting site of the ligand
(L1), we then performed an experiment between stoichiometric ratio
of 2,2-bipyridine and Complex-A. The absence of a boron NMR shift
suggested that the bipyridine unit of L1 likely does not interact with
the boron atom. Instead, it indicated that the 7-azaindole part of L1
may engage in a weak interaction. Moreover, it was also confirmed that
the substrate (1a) does not coordinate with the sp* boron of the
Complex-A as similar set of reactions gave no shift in the boron NMR
(Fig. 7A). Next, the catalytic activity of the Complex-B was tested by
conducting a control experiment. To our delight, 90% para selectivity
was observed, which further indicated the role of the in situ generated
Complex-B toward para selectivity (Fig. 7B). For further under-
standing the role of the Complex-B, having two different boron atoms,
we performed borylation using the Complex-A-II having no such sp’
boron atom, which resulted in nonselective reaction. This experiment
indicated that the sp? boron of Complex-A has a significant role for the
para borylation. Similar observations have been found using other
types of diboron complexes. Moreover, a detailed NMR experiment
using 1-methyl-aza-indole and Complex-A at varied temperatures

indicated the engagement of weak interaction between the Complex-
A and the L1 ligand (See Fig. S53 in Sl for details).

Next, we prepared two more ligands, such as: L4 (without the N
atom at the 7-position and without t-electron) and L2 (reduced
7-azaindole ring), tested these ligands under our optimized reaction
conditions and analyzed the experimental results along with the
results of 2,2"-bipyridine ligand and the optimized ligand (L1) (Fig. 7C).
We observed that in presence of the Complex-A, while the borylation
using ligand 2,2"-bipyridine provided 42% para selectivity, attaching an
octahydro indole unit (L4) also gave 42% para selectivity indicating its
ineffectiveness toward a weak interaction with Complex-A. Interest-
ingly, modifying the ligand structure from L4 to L2 that has an addi-
tional N atom at the 7-position, the para selectivity increased from 42%
to 62%. This observation underscores the pivotal role of the nitrogen
atom in enhancing para selectivity through a weak interaction.
Remarkably, Ligand L1, differing only in m-electron density compared
to Ligand L2, provided enormous improvement of the para selectivity
from 62% to 98%, emphasizing the significance of the m-system of the
7-aza indole ring. Consequently, the progression of ligands from L4 to
L2 to L1 indicates that the 7-aza-indole ring, with its nitrogen atom and
electron-rich m-electron density, likely engages in a weak interaction
with the non-coordinated sp® boron atom of Complex-A, thereby
directing the para selectivity. Furthermore, we noticed that without
additive, all these ligands provided comparable para selectivity, which
indicated the comparable combining electronic and steric effect of
these ligands with the substrate (1a) (Fig. 7C). We also designed the
ligands L5 and L6 to know the important role of the N atom at the
specific 7-position. We envisioned that if the N atom at this specific
7-position has profound role for controlling the para selectivity, then
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Late-stage borylation and applications
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Fig. 6 | Application of all three C-H bonds functionalization of arenes. A Late-
stage borylation; B Switchable deuteration and arylation, C Regioselective switch-
able borylation of Indole moiety; D Short synthesis of indole-derived com-
bretastatin (tubulin inhibitor) using a single ligand (7-Aza-BPY); Reactions are
carried out in 0.2 mmol scale for Fig. 6 A, B, C. For Fig. 6D, see Sl for details. Isolated
yields are reported based on the substrate as limiting agent. GC/MS ratios are given

using dodecane as internal standard. *Conversions and selectivities were measured
by analysis of crude 'H NMR. See SI for details. ®Ortho borylation result of 3j:
conversion: 90%, selectivity (ortho/others = 99/01); two ortho isomers detected
with C2/C6 =30/70. “Yields are based on isolated borylated products. For detailed
isolation of the products and isomer ratios, see the SI.

moving the N atom around the ring should lead to a dramatic change in
the para selectivity. Accordingly, we performed the reactions using
these two ligands L5 (N atom at the 6-position) and L6 (N atom at the 4-
position) and found that the para selectivity went down dramatically
from 98% (L1) to 54% (L5) to 40% (L6), which is comparable to the
result with the 2,2"-bipyridine (42% para selectivity) (Fig. 7D). Based on

all aforementioned control experiments, we conclude that, a weak
interaction between sp” boron atom of Complex-A and the 7-azaindole
unit of L1 may be the guiding factor for such enormous para selec-
tivity. Though the control experiments revealed some intriguing
phenomena, the complicity of the reaction prevented us to determine
a precise mechanism. Several models have been explored through DFT
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Investigation of para selective borylation
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Fig. 7 | Investigation of para selective borylation. A Role of Complex-A & aza indole ring in L1 to guide the para-selectivity; B Catalytic activity of Complex-B & Complex-

A-ll; C Ligand effect toward para selectivity; D Role of 7-aza nitrogen in L1.

calculations, but none was found to adequately explain the para
selectivity, which is the matter of our future studies.

Origin of Meta Borylation

To gain insight into the reaction mechanism of meta borylation, at first,
we performed reactions between KO'Bu and B,pin,, incrementally
adding KO'Bu (1.0 to 5.0 equivalent) that resulted in only Complex-A,
confirmed by "B-NMR (Fig. 8A). Despite an excess of KOBu, only a
monoadduct was isolated, indicating limited or non-existent forma-
tion of a dianionic sp>sp® adduct due to the unfavorable charge
buildup and diminished Lewis acidity of the Complex-A, excluding
higher coordination boron complexes in the reaction mixture. Sub-
sequently, we conducted a stoichiometric experiment involving
Complex-B and KO‘Bu (Fig. 8B). Upon incremental addition of KO‘Bu
to Complex-B, it was observed from the "B NMR that the interaction

between Complex-A and 7-azaindole, as present in Complex-B, pro-
gressively diminished. This led to a shift in the upfield boron signal of
Complex-B from 31.4 ppm to around 37-38 ppm, which corresponds
to the signal observed for Complex-A.

This shift was associated with a change in selectivity from non-
selective (at 4.0 mol% KO'Bu) to meta-selective (at 14.0 mol% KO'Bu,
99% meta selectivity) as indicated by the KO'Bu titration experiment
(Fig. 2B). This stoichiometric experiment (Fig. 8B) revealed that at
higher concentration of KO'Bu (conditions for meta borylation), the
interaction within Complex-B is lost. For further understanding the
role of the higher concentration of the K" ion, we performed boryla-
tions at varied concentration of the Complex-A-Il having only one sp®
boron atom (Fig. 8C). We postulated that if the origin of the meta
selectivity is solely dependent on the concentration of the K* ion, then
meta selectivity should be enhanced at higher concentration of the K*
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Fig. 8 | Mechanistic investigation for meta borylation. A KOBu titration with

B,pin,; B KO'Bu titration with B,pin, and L1 by "B NMR; C Authentic Complex-A-II;
D Control experiments with Complex-A-II having one boron atom: Role of K* ion;
E Role of K* ion; F Role of bipyridine unit to guide meta selectivity; G Ligand effect
toward meta selectivity; H DFT-computed C-H activation transition stated for meta

borylation: Computed at SMD(Pr,0)-M06/6-311+G(d,p)[SDD for Ir]//SMD(Pr,0)-
MO06/6-31 G(d)[LANL2DZ for Ir] level of theory. Relative Gibbs free energies at
298K, 1atm are given in kcal/mol. Distances are given in Angstroms. Atom colors:
gray, C; white, H; blue, N; red, O; pink, B; purple, K; brown, Ir; I Support of primary
origin of meta selectivity.

ion. Following this postulation, we conducted a series of experiments
altering the amount of Complex-A-Il, and found that upon increasing
the concentration of the K ion, meta selectivity increased drastically,
which indicated that the origin of the meta selectivity solely dependent

on the higher concentration of the K" ion (Fig. 8D). Next, we performed
our optimized reaction in presence of 18-crown-6 and observed that
the borylation underwent nonselective (Fig. 8E), which further sup-
ports the active participation of K* ion.
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Next, we investigated the effects of ligands under our meta bor-
ylation conditions. Since our optimized ligand L1 comprises two
components: a bipyridine unit and an aza indole ring linker—we began
by examining the effects of each component individually at higher
concentrations of KO‘Bu. For para borylation, the outcomes with or
without 1.3 mol% Complex-A (indicative of very low K* concentration)
were similar for the 2,2"-bipyridine ligands, which suggests that the
bipyridine unit in L1 does not significantly influence para selectivity. In
contrast, under meta borylation conditions with higher KO‘Bu con-
centrations, the 2,2-bipyridine ligand exhibited a marked effect. Spe-
cifically, the meta selectivity increased from 59% without the additive
to 79% in the presence of 14 mol% KOBu. Furthermore, the introduc-
tion of 18-crown-6, which scavenges K, resulted in a decreased
selectivity of 60% for 2,2-bipyridine (Fig. 8F). These findings indicate
that higher concentrations of K" ions play a crucial role in enhancing
meta selectivity with the bipyridine core. Next, we conducted control
experiments with two more ligands: L4 (containing an octahydro
indole unit with bipyridine) and L2 (a reduced version of L1). It was
observed that regardless of linker structure L2, L4 and other bipyr-
idine based ligands provided similar selectivities to 2,2-bipyridine,
indicating that these linkers do not have a special role for meta
selectivity (See Figure S70 in SI for details). However, the incorpora-
tion of a 7-azaindole unit into the bipyridine framework (L1) sig-
nificantly enhanced the meta selectivity from 79% to 96%, indicates
that the 7-azaindole unit is also essential in attaining the optimal
selectivity for the meta borylation (Fig. 8G). Based on the collective
evidences, we realized that the Ti-system of the bipyridine core and the
7-azaindole ring in L1 may interact with higher concentrations of K*
ions, resulting in the optimal meta selectivity for L1.

To elucidate the origin of meta-selectivity and the role of K" ion in
a comprehensible manner, we next took help of DFT calculations.
Within the framework of our DFT calculations, C-H activation transi-
tion states based on the classical Ir(lll)/Ir(V) mechanism® ¢ were
located (Fig. 8H). In this computational model, cation-tt interaction
and dispersion interaction between ligand skeleton and Complex-A-
binded substrate are predominant, which are likely to contribute most
to the 2.1kcal/mol of energetic preference for meta-borylation. The
ligand N atom also binds to Complex-A in the case of L1, which is
believed to be a secondary factor to enhance the regioselectivity.
Several variants of this model also lead to meta-selectivity (See Fig-
ure S96 in Sl for details). Moreover, the predicted interactions by the
DFT calculations keep largely unchanged when add Complex A-Il
instead of Complex-A, which is consistent with the experimental
findings (Fig. 8D).

Notably, after identifying the primary (K- m) and secondary
(K*-N) interactions by DFT computations, we were curious about the
outcomes of the meta borylation by moving the position of the N atom
from the original ligand structure (L1). We envisioned that moving the
N atom around the aza-indole ring should not lead to a dramatic
change in the meta selectivity as here the primary origin of meta
selectivity will remain intact i.e., the proposed bipyridine m-K" inter-
action and substrate-Complex-A-bipyridine dispersion. Accordingly,
the meta borylation reactions were performed with the ligands L5 (N
atom at the 6-position) and L6 (N atom at the 4-position) and observed
no dramatic change in meta selectivity (L1: 96%, L5: 77%, L6: 79%),
which is comparable to the result with 2,2-bipyridine (79% meta
selectivity) (Fig. 8I). The slight decrease in meta selectivity in L5 and L6
may be attributed to the diminishing influence of the secondary gov-
erning factor of meta selectivity: K'-N interaction, present in L1.

Mechanistic Studies of Ortho Borylation

Next, we aimed to understand the role of the developed ligand scaffold
(L1: 7-Aza-BPY) for the DABCO-mediated ortho borylations and thus
performed a series of control experiments in presence of DABCO
(Fig. 9A). We observed that while the 4,4’-substituted ligands (dtbpy)

afforded no ortho borylation, the ligand (bpy) without any substitution
resulted in 65% ortho selectivity, although the conversion was mod-
erate relative to the 7-Aza-BPY ligand (L1). Interestingly, incorporation
of an aryl group to the 5-position of bpy (L8) remarkably improved the
ortho selectivity (though the conversion was still moderate). Moreover,
the rigid ligand systems (L9 & L10) gave no ortho borylations.

These results indicated that in presence of DABCO, the mode of
metal binding may be different (N,C-Ir binding) than the standard C-H
borylation reactions with N,N-Ir binding, which reminded us our pre-
viously reported’ C-H ortho borylation via the generation of a mono-
anionic ligand, as well as other reports in the literature on N,C-Ir
binding®”%. (A series of control experiments were performed with
several other ligands; See Fig. S71 in SI for details). To gain further
insight into reaction mechanism, a detailed DFT calculations was
conducted. The results revealed that in the presence of DABCO, the
neutral bipyridine ligand-bearing INTO is transformed into the anionic
ligand-bearing INT1 that eventually leads to the directed ortho-bor-
ylation (Fig. 9B). We have located a transition state representing such
transformation as TS0, which gives a barrier of only 23.5 kcal/mol.
Therefore, INTO can effectively be transformed to INT1 before meta-/
para-borylation take place (for meta-borylation via TSI-1, AG' =
27.2 kcal/mol). Owing to its (sp’)-N lone pair, the additive DABCO
exerts strong coordination to Ir, which is likely to allow the ligand to
undergo roll-over cyclometallation. After the active catalyst becomes
INT1, exclusive directed ortho-borylation will occur (Fig. 9C), without
forming any meta- or para- borylated products (See Fig. S94 in SI for
details). For bipyridine as ligand, some meta- and para-borylation
remained as competitive pathways (o:m:;p = 65:23:12 as observed),
while for the optimum ligand L1, the transformation was efficient
enough for exclusive ortho-selectivity.

To validate the generation of monoanionic ligand (N,C-Ir binding)
and to identify the active catalysts of the ortho-selective reaction, we
conducted a stoichiometric reaction between the L8 ligand, [Ir(cod)
OMel, and B,pin, in presence of DABCO in THF-dg (Fig. 9D). To our
delight, we have detected the ligand borylated intermediate that was
also characterized by spectroscopic data and further isolated it as the
arylated product. Importantly, the ligand borylation can only be
accounted if the reaction follows via the rollover cyclometallation i.e.,
N,C-Ir binding. The generation of the ligand borylated product serves
as conclusive evidence for rollover cyclometallation and the N,C-Ir
binding. Our stoichiometric reactions also revealed that in presence of
DABCO, a rollover cyclometallation (formation of a five-membered
metallacycle, which is the most common metallacycle for iridium-
catalyzed borylation) occurs from the standard Ir(tris)(boryl)complex.
This transformation proceeds via intramolecular C-H activation,
accompanied by the release of HBpin through the reductive elimina-
tion, leading to the formation of INT1-Ph, consistent with our com-
putational analysis (Fig. 9B). Subsequently, in the presence of the
substrate, exclusive directed ortho-borylation takes place, as corro-
borated by detailed computational studies (Fig. 9C). Experimentally,
we found that the released HBpin is consumed by DABCO, forming a
DABCO-HBpin adduct, which plays a crucial role in driving the reaction
forward. Confirmation of the DABCO<HBpin adduct’s presence is
achieved through thorough analysis, including 'H NMR, "B NMR, and
1D selected NOESY experiments. We have additionally conducted
numerous control experiments to further solidify our proposed
mechanism of ortho-borylation through N,C-Ir binding (See the
Mechanistic Investigations for the switchable ortho selective boryla-
tion section in SI for details).

Discussion

In summary, we have developed a general method where all three
different types of C-H bonds (para, meta & ortho) of diverse classes of
arenes can be functionalized using a single ligand scaffold (7-Aza-
BPY). The designed ligand directed to the development of all three
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Mechanistic investigation (ortho borylation)
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Fig. 9 | Mechanistic investigation for ortho borylation. A Role of L1 ligand for ortho borylation; B DFT supported rollover cyclometallation; C DFT computed mechanism
for ortho borylations; D Mechanistic evidences of rollover cyclometallation with model ligand L8.

modes of C-H bond activation and functionalization for the rapid of substrate engineering. The mechanistic details have been discussed
diversification of a wide number of arenes. It has also been demon-  both by experiments and DFT computations. The utility of the method
strated that a single ligand scaffold in presence of three different has been demonstrated by the late-stage C-H bond functionalization
additives can produce a robust catalytic system that can be used of various molecules containing biologically important scaffolds
directly to functionalize all three C-H bonds without the requirement including the replacement of all three C-H bonds toward the C-D
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bonds and C-C bonds. Moreover, it has been shown that the method
can be applied toward the short synthesis of an indole-derived com-
bretastatin molecule by using sequential -C3, -C5, and -C2 borylation/
arylation using our developed methods. Further developments of the
present method for the C-H bond activation using this ligand are
underway. Considering the predominance of bipyridine ligand fra-
meworks in the transition metal catalysis, we anticipate that the
developed ligand scaffold (7-Aza-BPY) will also empower reactivity
and selectivity in various other catalytic C-H bond functionalization
reactions.

Methods

Experimental procedure: para C-H borylation

In an argon-filled glove box, a 5.0 mL Wheaton microreactor was charged
with Complex-A (0.9 mg, 1.3 mol%), ligand L1 (1.6 mg, 3.0 mol%) and
dry MTBE (2.0 mL) sequentially. The reaction mixture was stirred for
5 minutes at room temperature. Then, B,pin, (45.7 mg, 0.9 equiv.) was
added to it and stirred for another 5min. Thereafter [Ir(cod)OMel],
(2.0mg, 15mol%) was added. Finally stirring for another 5min
substrate (0.2 mmol) was added. The microreactor was capped with a
Teflon pressure cap and stirred at 40°C for 12 h. After completion
(judged by GC-MS), MTBE was removed under reduced pressure and
chromatographic separation with silica gel gave the para borylated
product.

Experimental procedure: meta C-H borylation

In an argon-filled glove box, a 5.0 mL Wheaton microreactor was
charged with KO'Bu (3.0 mg, 14.0 mol%), ligand L1 (1.6 mg, 3.0 mol%)
and dry MTBE (2.0 mL) sequentially. The reaction mixture was stirred
for 5 minutes at room temperature. Then B,pin, (50.8 mg, 1.0 equiv.)
was added to it and stirred for another 5 min. Thereafter [Ir(cod)OMe],
(2.0 mg, 1.5 mol%) was added. Finally stirring for another 5 min sub-
strate (0.2 mmol) was added. The microreactor was capped with a
Teflon pressure cap and stirred at 40 °C for 12 h. After completion
(judged by GC-MS), MTBE was removed under reduced pressure and
chromatographic separation with silica gel gave the meta borylated
product.

Experimental procedure: ortho C-H borylation

In an argon-filled glove box, a 5.0 mL Wheaton microreactor was
charged with DABCO (1.2 mg, 5.0 mol%), ligand L1 (1.6 mg, 3.0 mol%)
and dry MTBE (2.0 mL) sequentially. The reaction mixture was stirred
for 5 min at room temperature. Then B,pin, (101.6 mg, 2.0 equiv.) was
added to it and stirred for another 5min. Thereafter [Ir(cod)OMe],
(2.0 mg, 1.5mol%) was added. Finally stirring for another 5 minutes
substrate (0.2 mmol) was added. The microreactor was capped with a
Teflon pressure cap and stirred at 40 °C for 12 h. After completion
(judged by GC-MS), MTBE was removed under reduced pressure and
chromatographic separation with silica gel gave the ortho borylated
product.

Data availability

All data, including experimental details, characterization data, NMR
spectra are available in the Supplementary Information. Crystal-
lographic data for the structures reported in this Article have been
deposited at the Cambridge Crystallographic Data Center, under
deposition numbers CCDC 2295075 (L1) and CCDC 2294882 (L2).
Coordinates of the optimized structures are provided as Supplemen-
tary Dataset 1. Data supporting the findings of this manuscript are also
available from the corresponding author upon request.
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