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Noncovalent interactions in Ir-catalyzed remote
C-H borylation: a recent update
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Iridium catalyzed direct C—H borylation has provided a powerful strategy to construct a complex mole-
cular architecture in a relatively straightforward way. Controlling regioselectivity is one of the most chal-
lenging issues in these transformations. Enormous efforts of the synthetic community have helped to
overcome the selectivity issue in the case of proximal C—H borylation by introducing a directing group
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Over the past decades, attractive noncovalent interactions,
specifically hydrogen bonding and ion-pairing, have emerged
as a key component for controlling selectivity in the realm of
enzymatic catalysis and asymmetric organocatalysis." Despite
substantial advances, the utilization of attractive noncovalent
interactions to engineer substrate-ligand orientation towards
the transition metal-catalyzed regioselective activation of the
remote C-H bond of arenes still remains a significant
challenge.”

Iridium catalyzed direct C-H borylation is of unique impor-
tance because the C-B bond can act as a lynchpin to access
ipso C-C and C-heteroatom bonds.® But the major challenge
associated with it is regioselectivity, which is mostly governed
by steric effects. For example, the regioselective C-H borylation
of 1,3-disubstituted arenes 1 is advantageous compared to
mono or 1,2-disubstituted arenes 3, which generally produces
an inseparable mixture of isomers 4a and 4b unless there are
any other effects such as the influence of the bulky ligand®” or
the presence of a particular substituent to direct a specific
position®” (Fig. 1a). The mechanism of this conventional
iridium-catalyzed borylation® involves the in situ generation of
tris-boryl complex 5, which then undergoes a rapid and revers-
ible dissociation of cyclooctene (COE) to form another active
16-electron tris-boryl complex 6. This 16-electron complex then
undergoes C-H bond cleavage due to the lower energy barrier
for C-H bond cleavage compared to the barrier for the elimin-
ation of B,pin,; as a consequence, the arene reacts with an Ir
(m) boryl complex, not with an Ir(i) boryl complex. Now, the
mechanism for C-H bond cleavage by a metal boryl complex
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concept along with noncovalent interaction. However, selectively targeting a remote C—H bond is a for-
midable challenge and often requires special designing of the directing template. In this highlight, we aim
to provide a recent update on noncovalent interaction enabled Ir-catalyzed remote C—H borylation, with
a special emphasis on the corresponding enantioselective variant.
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Fig. 1 (a) Regioselectivity issues in iridium-catalyzed borylation and (b)
the proposed mechanistic cycle for conventional iridium-catalyzed
borylation.
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can proceed either via the oxidative addition pathway or via
the o-bond metathesis process.® Recent computational studies
concluded that C-H bond cleavage by the iridium tris-boryl
complex 6 occurs via oxidative addition of the arene C-H bond
followed by reductive elimination to generate the arene C-B
bond (Fig. 1b).*°

Therefore, achieving regioselectivity in arene C-H boryla-
tion by overriding the steric demands of the substituents is a
major challenge. Several directed metalation approaches where
the native functional group can direct the active catalyst have
been employed to achieve ortho-C-H borylation,'®!" whereas
selectively targeting a remote C-H bond often requires the
attachment and detachment of a bulky directing template
which limits the practicability of this strategy. However, the
development of an efficient strategy for the construction of the
remote regioselective C-B bond by using noncovalent inter-
actions in conjunction with transition metal catalysis is of
immense interest.'?

In this highlight article, we aim to provide the readers a
concise overview of noncovalent interaction enabled Ir-cata-
lyzed remote C-H borylation. This highlight also emphasizes
the latest contributions in noncovalent interaction-mediated
enantioselective remote C-H borylation.

In 2015, Kanai et al. first demonstrated iridium-catalysed
remote C-H functionalization through hydrogen-bonding
interaction by the implementation of a suitable L-shaped tem-
plate L2 containing a urea moiety as a hydrogen bond donor
tethered to a bipyridyl motif for substrate anchoring and
thereby bring the meta-C-H bond close to the catalytic site
(Scheme 1a)."* In this report, a library of aromatic amides,
esters, phosphonates, phosphonic diamides and phosphine
oxides undergo borylation with good yields and excellent meta-
selectivity (Scheme 1b). The low regioselectivity and mixture of
isomers were obtained by using a standard borylation ligand,
4,4'-di-tert-butyl-2,2"-bipyridine (dtbbpy) L1 (Scheme 1c),**
which again proves that the hydrogen bonding between the
substrate and the newly designed template is the key control-
ling factor in achieving regioselectivity. Moreover, the length of
the ortho-phenylene linker is also an essential factor for achiev-
ing high meta-selectivity (Scheme 1c).

Furthermore, the Kanai group demonstrated that the
H-bonding mediated meta-selective C-H borylation can be
accelerated by tuning the electronic and steric properties of
the urea-containing bipyridine ligand L5.'* Their molecular
modelling study suggested that the reactivity could be acceler-
ated by increasing the electronic density of the bipyridine
moiety, twisting the plane of ortho-phenylene and bipyridyl
components through the introduction of a functional group in
the ortho-phenylene ring, and also by changing the substitu-
ents in the urea moiety. When they introduced an electron-
donating tert-butyl group in the bipyridine moiety L6 and a
methyl group in the ortho-phenylene ring L7 and both in the
same ligand L8, in all cases, the rate increased gradually com-
pared to the rate obtained by using ligand L5 (Scheme 2). The
rate is further increased by introducing an n-hexyl group in
place of the cyclohexyl group in the urea moiety L9. In
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Scheme 1 a) Hydrogen-bonding interaction to control the meta-
selectivity; (b) scope of meta-selective C—H borylation with various sub-
strates and (c) exact design of the ligand to achieve high regioselectivity.
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Scheme 2 Variation of the initial reaction rate constant (k) of C—H bor-
ylation with different urea-containing bipyridine ligands.

addition, they also expressed the functional group and sub-
strate specificity by performing different intermolecular and
intramolecular competition reactions using urea-containing
bipyridine ligands."
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At the same time, the Chattopadhyay group illustrated an
approach of meta-selective borylation of aromatic aldehyde via
in situ generated imines 15. They hypothesized that the electro-
static interaction as well as a secondary B-N interaction
between the substrate and the metal catalyst could play a
pivotal role in achieving the close proximity of the iridium
catalyst to the meta-C-H bond (Scheme 3a).” Several control
experiments showed that the regioselectivity mainly depends
on the bulkiness of the R group of imines. With increasing
steric crowding between the R group and the boryl group of
the catalyst, the meta-selectivity decreases significantly, which
indicates that the regioselectivity is governed by the secondary
interaction between the B atom of the iridium tris-boryl cata-
lyst and the N atom of imines. A wide range of aldehydes were
well tolerated in this borylation method with excellent meta-
selectivity and yields (Scheme 3b).

After these pioneering examples, in 2016, the Phipps group
introduced a new concept of noncovalent interaction, namely,
the ion-pair directed approach in order to address the regio-
selectivity issue. The interaction between cationic aromatic
quaternary ammonium salt 17 and the anionic sulfonate teth-
ered to a bipyridyl motif L11 is the key point to achieve regio-
selectivity, which brings the meta-C-H bond to the close proxi-
mity of the active catalyst (Scheme 4a)."> A variety of quater-
nized benzylamine and quaternized aniline derivatives and
aromatic heterocycles were well compatible in this borylation
protocol with good yields and excellent regioselectivity
(Scheme 4b).
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Scheme 3 a) Secondary B—N interaction to control the regioselectivity
and (b) scope of meta-selective borylation with various benzaldehydes.
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Scheme 4 a) lon-pair interaction for the meta-C—H borylation of an
aromatic quaternary ammonium salt; (b) substrate scope with various
aromatic and heteroaromatic quaternary ammonium salts containing
different chain lengths; (c) ion-pair interaction to achieve the meta-
selective C—H borylation of phosphonium salts and (d) substrate scope
with different aromatic phosphonium salts.

In 2018, Phipps et al. also illustrated that the same ligand
L11 is also efficient for the meta-selective C-H borylation of a
more flexible system such as quaternized phenylamine and
phenylpropylamine, although the selectivity decreases with
increasing chain length.'® This pioneering strategy of ion-pair
interaction was also successfully employed for the meta-C-H
borylation of phosphonium salts 19 using the same anionic
bipyridine ligand L11 (Scheme 4c)."”

In 2017, Phipps and co-workers also found that the same
anionic bipyridine ligand L11 containing a sulfonate scaffold
was also proficient as a hydrogen bond acceptor to control the
regioselectivity for the borylation of amide containing aro-
matic substrate 21, which acts as a hydrogen bond donor in an
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electronically inverted strategy to that of the Kanai group
methodology,”® providing a complementary substrate scope
(Scheme 5a).'® This method was applied to various amides
derived from benzylamines, phenethylamines and phenyl-
propylamines, which have great applications in pharmaceuti-
cals and materials chemistry, and the borylated products were
obtained with good to excellent yields and regioselectivity
(Scheme 5b).

The capability of this single ligand by both ion-pair and
hydrogen-bonding interactions further encourages the conduc-
tion of an experiment to compete these two types of noncova-
lent interactions in a single molecular context. For this, the
authors incorporated both the quaternary ammonium ion and
the amide functionality with different chain lengths in
benzene 23, 24 and 25 and noted that the ion-pair interaction
dominates over the hydrogen-bonding interaction to give the
meta-selective borylation with respect to their position
(Scheme 5c¢)."°

Furthermore, in 2019, Phipps and co-workers discovered a
very general and practical methodology for the para-selective
C-H borylation of a range of common substrate classes 26 and
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Scheme 5 a) An anionic sulfonate-based bipyridine ligand is also
capable of achieving meta-selectivity via H-bonding interaction; (b) sub-
strate scope of meta-C—H borylation with various amide derivatives and
(c) ion-pair interaction dominates over H-bonding interaction.
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27 by using commercially available ligands and catalysts."’
Herein, they employed the same ion-pairing strategy in an
alternate way using a bulky counter cation to provide a “steric
shield” around the ortho- and meta-positions leading to para-
borylated products under standard borylation conditions
(Scheme 6a). A large class of substrates including anilines,
benzylamines, phenols and benzyl alcohols were borylated
using this methodology with excellent regioselectivity and
yields (Scheme 6b). In addition, they also performed some
control studies on the bulkiness of the counter cation to probe
the selectivity and reached a conclusion that the bulky counter
cation is actually playing the major role in site selectivity, not
the electronic factor of the substrate."’

At the same time, the Smith and Maleczka group also
reported the para-selective C-H borylation of sulfates and sul-
famates using the same concept of ion-pair electrostatic inter-
action between the substrate and the bulky counter cation
under conventional borylation conditions (Scheme 7a).>° Like
the previous work of the Phipps group, they also hypothesized
that the alkyl chain of the counter cation provides a steric bulk
to restrict the meta position, allowing the reactive iridium cata-
lyst to come in the close proximity of the para-position. A
range of sulfates derived from phenol and benzyl alcohols,
and sulfamides derived from anilines were also well tolerated
under their borylation conditions (Scheme 7b).

Meanwhile, in 2017, the Chattopadhyay group developed a
new catalytic system for the para-selective borylation of aro-
matic ester 34 through metal coordination. They designed the
L-shaped ligand L13 by attaching a 2-hydroxyquinoline moiety
with the bipyridine motif, which in situ generates O-M (M: Li,
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Scheme 6 a) Steric shield of the bulky counter cation controls the
para-selectivity and (b) broad substrate scope with various anilines,
phenols and benzyl alcohols.
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Scheme 7 a) Steric shield of the bulky counter cation controls the
para-selectivity and (b) broad substrate scope with different sulfates and
sulfamates derived from common substrate classes.

Na, and K), would interact with the carbonyl oxygen of the
ester through noncovalent interaction and directs the active
iridium catalyst to the close proximity of the para-C-H bond
(Scheme 8a).>' Here, the selectivity is highly dependent on the
choice of the metal ion, and it is investigated that from Li" —
Na' — K' there is an extreme variation of regioselectivity, and
great success was achieved in the presence of potassium. A
series of aromatic and heteroaromatic esters were borylated
with great functional group tolerance and excellent para-
selectivity (Scheme 8b).

One year later, Chattopadhyay et al. employed the same
L-shaped bifunctional ligand L13 for aromatic amides 36,
affording excellent meta-selectivity through O---K noncovalent
interaction. The meta-selectivity was achieved due to the distor-
tion of the arene ring from the carbonyl plane by appropriate
N-substitution, bringing the meta-C-H bond close to the active
catalyst (Scheme 8c).>*> A range of aromatic amides, hetero-
cycles and anilides were borylated with exclusive meta-selecti-
vity by this strategy compared to the classical borylating ligand
dtbbpy (Scheme 8d).

In 2017, the Nakao group employed the concept of coopera-
tive iridium/Lewis acid catalysis to achieve the para-selective
C-H borylation of benzamide and pyridine derivatives 38 and
39. Here, they designed a complex bulky aluminium Lewis acid
which forms complexation with the basic functional unit of
the substrate. The regioselectivity is mainly achieved by the
steric repulsion between the bulky aluminium Lewis acid
(MAD) coordinated to the substrate and the iridium catalyst
(Scheme 9a).>* A wide range of substrates were borylated under
these reaction conditions with good regioselectivity and yields
(Scheme 9b).

Recently, using a similar Lewis acid-base concept, Nakao
et al. developed a bifunctional template containing Lewis
acidic sites L15 and L16 to anchor the substrate containing a
Lewis basic functionality for meta-selective borylation. Inspired
by their previous work on para-borylation of benzamides and
pyridines by cooperative Ir-Al catalysis,>® they designed a rigid
aluminium-biphenoxide tethered bipyridine motif and a
borane-containing phenanthroline motif to recognize benza-
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Scheme 8 a) Regioselectivity achieved via perfect substrate anchoring
through metal coordination; (b) scope of the para-selective borylation
of aromatic and heteroaromatic esters; (c) distortion of the arene ring to
achieve the meta-selectivity and (d) substrate scope of the meta-selec-
tive borylation of aromatic and heteroaromatic amides and anilides.

mides and pyridines, respectively, bringing the meta-C-H
bond close to the region of the iridium catalyst
(Scheme 10a).>* They demonstrated that this novel concept has
broad functionality tolerance including the Lewis basic group
affording excellent yields with exclusive regioselectivity
(Scheme 10Db).

However, these approaches are mainly designed to over-
come regioselectivity issues. In contrast, the remote control of
enantioselectivity by using these attractive noncovalent inter-
actions is a great challenge and until recently, no efficient
organometallic catalyst design strategy was available.”> In
2020, Phipps and co-workers described an iridium-catalyzed
method for the enantioselective meta-C-H borylation of the
geminal diaryl motif by virtue of ion-pair interaction enabled
long-range asymmetric induction (Fig. 2).%°
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selectivity via LA-LB interaction and (b) substrate scope with various
benzamide and pyridine derivatives.

The authors hypothesized that the exchange of the achiral
tetrabutyl ammonium counterion of the anionic ligand
scaffold by a chiral cation could pave the way for enantio-
selective desymmetrization of the prochiral geminal diaryl
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motif resulting in the formation of C-center and P-center
chiral compounds.*”

The Phipps group introduced various ion-paired ligands
bearing a chiral counter cation, obtained from N-benzyl substi-
tuted dihydroquinine (DHQ) derivatives (Scheme 11). Initially,
they performed the reaction of symmetrical benzhydrylamide
46 under the typical conditions of C-H borylation in tetra-
hydrofuran at room temperature using ligands [L17 and L18]
with 3,5-dimethoxy and 3,5-di-ter¢-butyl substituted benzyl
groups on the quaternized nitrogen atom, which resulted in
31% and 30% enantiomeric excess, respectively. It is worth
mentioning here that they converted the resulting borylated
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product to the corresponding alcohol by treating it with H,O,
for ease of purification.

Further screening of several substituted aryl groups at the
3- and 5-positions of the N-benzyl group of the counter cation
revealed that tert-butyl substituted L19 significantly improves
enantioselectivity (73% ee). Subsequently, they optimized
other reaction parameters with L19, which shed light on the
fact that in the presence of cyclopentyl methyl ether (CPME) as
the solvent, the reaction temperature can be reduced to —10 °C
without hampering the reactivity. Importantly, under these
conditions, with a low loading of ligand L19 (3 mol%), meta-
C-H borylation proceeded with 96% ee and 72% isolated yield.
Notably, the other variants of L19 with either the methyl pro-
tected quinine hydroxyl group or the stereochemically inverted
hydroxyl group were found to be detrimental under the
optimal reaction conditions, providing 72% and 11% ee,
respectively. Surprisingly, the ligand system bearing a
Maruoka-type chiral cation was completely ineffective to
impart a chiral environment which resulted in the formation
of a racemic product (0% ee). The trifluoroacetyl protecting
group on benzhydrylamine was found to be beneficial for pro-
viding an excellent yield and enantioselectivity. The scope of
the reaction was quite broad in terms of benzhydrylamide
derivatives. The electron-withdrawing substituents including
halogens, trifluoromethoxy, esters, and nitriles at the 3-posi-
tion of the substrates were well tolerated under the reaction
conditions to provide moderate to good yields and excellent
enantioselectivity (Scheme 11b). In contrast, electron-donating
substituents afforded the desired product at room tempera-
ture, albeit with moderate enantioselectivity. Furthermore,
various electron-withdrawing substituents at the ortho-position
of benzhydrylamide were found to be compatible, providing
excellent regio- and enantioselectivity (Scheme 11b). It is note-
worthy that the reaction of these ortho-substituted benzhydry-
lamides with the conventional dtbpy ligand afforded a regioi-
someric product (1.6 : 1, m/p), which proves that the sulfonated
bipyridine ligand scaffold L19 is able to control both of these
selectivity issues.

In addition to the large scope of benzhydrylamide deriva-
tives, a broad variety of symmetrical diarylphosphinamides
were compatible under the reaction conditions. Different
useful electron-withdrawing functional groups at the 3-posi-
tion of the aromatic ring of diarylphosphinamide bearing a
para-methoxy phenyl group on the nitrogen atom were well tol-
erated to give the desired product with excellent enantio-
selectivity (Scheme 12). The resulting P-chiral compounds®®
are an important structural motif in enantioselective catalysis
and in medicinal chemistry.>® Interestingly, the substitution at
the ortho-position resulted in the loss of both regioselectivity
and enantioselectivity. The authors speculated that both the
ortho-substituents and bulky quaternary phosphorous center
could provide sufficient steric bulk to destroy the confor-
mational orientation for crucial substrate-ligand interactions
(51).

To show the further utility of this protocol, Phipps and co-
workers demonstrated various regioselective transformations
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by virtue of electronic differentiation of the aromatic ring.
Several control experiments provided insight into the mechan-
istic hypothesis. First, the reaction was conducted with an
N-methyl protected substrate under the optimized conditions
at —10 °C, resulting in 0% conversion, while the desired
product formation was observed at an elevated temperature
(10 °C) with 8% ee, which suggests that hydrogen-bonding
interaction plays a crucial role in improving both reactivity and
selectivity (Scheme 13a). Second, the reaction was carried out
together with the neutral ligand 54 and the bromide salt of
chiral cation 55, leading to the formation of a racemized
product (Scheme 13b). These observations prove the role of
the ligand scaffold, where the anionic ligand is associated with
the chiral cation through ion-pair interaction for enantio-
induction (56).

Very recently, the Sawamura group discovered an excellent
approach for highly enantioselective remote C(sp*)-H boryla-
tion of aliphatic carboxylic acid amides and esters through the
combination of urea-pyridine receptor ligand L20 with the
chiral-monophosphite ligand L* to generate the active chiral
Ir-catalyst (Scheme 14a).>° From the computational data, they
proposed that this urea-pyridine receptor ligand plays a dual
role of anchoring the substrate via hydrogen-bonding inter-
action between the two NH hydrogen of urea and the carbonyl
oxygen of the substrate and binding the Ir catalyst via the pyri-
dine moiety. This geometrical orientation brings the y-C-(sp®)-
H bond to the close proximity of the Ir center for functionali-
zation. A highly enantioselective y-C-(sp®)-H borylation to
produce 58 was achieved using this strategy which is mainly
due to the various noncovalent interactions between the sub-
strate and the catalyst, including n/z interaction between the
receptor-ligand and the naphthalene ring of the phosphite
chiral ligand and C(sp®)-H---O hydrogen bonds, leading to the
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preference for one enantiotopic C(sp®)-H bond over others
(59). They showed that when the temperature of the reaction
increased from 25 °C to 80 °C, both the reactivity and enantio-
selectivity diminished, which again supported the statement
of substrate binding with the urea-pyridine ligand via hydro-
gen-bonding interaction. They also reported that the changes
in the receptor ligand structure affect the selectivity of boryla-
tion and the yield of the y-C(sp®)-H borylated product, i.e.
from L21 to L23 the p-borylation is diminished, although in
the case of L23 the yield of y-borylation is less. A wide range of
aliphatic amides and esters with the variation of different ali-
phatic chains are well tolerated in this strategy and giving the
y-bolylated product with a high yield and excellent enantio-
selectivity (Scheme 14b).

Conclusions

In this highlight, we have emphasized to provide the recent
developments on various remote C-H borylation techniques
based on noncovalent interactions and their implementation
to address both regio- and enantio-selectivity issues. In the
current scenario, the utilization of noncovalent interactions in
remote C-H functionalizations is emerging as a straight-
forward route for developing regio- and enantio-selective trans-
formations, and thereby holds special attention in both acade-
mia and industry. Regioselectivity is achieved via the noncova-
lent interaction between the substrate and the bipyridine-
based ligand bearing a suitable receptor group, whereas stereo-
selectivity is achieved mainly by the use of a chiral ligand,
which can interact with the substrate and the Ir-bound cata-
Iytic ligand scaffold via noncovalent interaction, providing a
chiral atmosphere around the catalyst to differentiate one
enantiomer from the other. The noncovalent interactions
which are discussed in this highlight article are hydrogen-
bonding interaction, ion-pair interaction, Lewis acid-Lewis
base interaction, n/x interaction and O-K-.-O=C noncovalent
interaction to attain both regioselectivity and stereoselectivity.
However, several other weak noncovalent interactions such as
cation—pi, anion-pi or z/n stacking are yet to be discovered in
this context of Ir-catalyzed C-H borylation to achieve both site
selectivity and stereoselectivity. Also, this Ir-catalyzed boryla-
tion in the aliphatic system is less known compared to the aro-
matic system. The recent discovery by the Sawamura group to
achieve C(sp®)-H borylation using noncovalent interaction will
expand the scope of this field in aliphatic systems. There is no
doubt that the development made by Kanai, Phipps and other
groups on the weak noncovalent approach will show a new
path of diversification in remote C-H functionalization.
Although until now only Ir-catalyzed borylation was reported
based on these noncovalent interactions, we believe that these
elegant discoveries will inspire chemists to diversify the scope
of this interaction for different new transformations. In
addition, the enantioselective synthesis by using this mild
noncovalent approach will improve the synthetic method-
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ologies for the synthesis of various drug molecules, agrochem-
icals and complex useful materials.
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