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Recent Progress in Iridium-Catalyzed Remote Regioselective
C—H Borylation of (Hetero)Arenes
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(? State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Lanzhou 730000)
(> University of Chinese Academy of Sciences, Beijing 100049)

Abstract (Hetero)Aryl boronic acids and their derivatives have been widely used in synthetic chemistry, material sciences,
and drug discovery. Accordingly, the development of novel synthetic methods towards these structures has received a great
deal of attention. In particular, Ir-catalyzed C—H borylation represents one of the most efficient methods. Due to the
restriction of the reaction mechanism, regioselective controllable C—H borylation of Ir catalysis is a formidable challenge, and
it is also an important development direction in this area. In this review, the recent progress in Ir-catalyzed remote selective C

—H borylation of arenes is systematically discussed.
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1 Introduction

Transition-metal-catalyzed C—H borylation of (het-
ero)arenes has become a powerful approach to access syn-
thetically useful aryl boronic acids and their derivatives in
an atom- and step-economic manner.['*! In particular, the
state-of-art Ir-catalyzed C—H borylation has received in-
creasing attention due to its mild reaction conditions, addi-
tive-free, high efficiency, and simple operation since the
turn of the millennium (Scheme 1A).°'% In addition, the
mechanism has been well documented for the Ir/bipyridine
(It/bpy) catalytic system as shown in Scheme 1B.I'! In the
presence of HBpin (pinacol borane) and/or B,pin, (bis-
(pinacolato)diboron), the Ir(I)/bpy complex A is converted
to a 16-electron trisboryl Ir(Ill)/bpy intermediate B, which

* Corresponding author. E-mail: senmiaoxu@licp.cas.cn

could cleave the nearby arene C—H bond through oxida-
tive addition to generate an Ir(V)/bpy species D. Reductive
elimination of D furnishes Ar-Bpin along with the concur-
rent formation of a hydridoboryl Ir(Ill)/bpy complex E.
Reaction of E with HBPin or Bypin, could regenerate B for
the next catalytic cycle. Because there is only a single va-
cant site of active species B, a secondary interaction be-
tween substrate and metal center is not available. There-
fore, the regioselectivity is governed by steric issues. Par-
ticularly, the C—H borylation of mono- and 1,2-disubsti-
tuted benzenes results in an inseparable mixture of
borylated regioisomers. In order to achieve Ir-catalyzed
regioselective C—H borylation, a secondary interaction is
usually required to fix the substrate, allowing for the de-
sired C—H bond approaching the Ir center. To this end,
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(A\) Ir/bpy-catalyzed C-H borylation of arenes
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Ir-catalyzed C—H borylation of arenes and its

a number of substrate-control and substrate-control meth-
ods for the (hetero)arenes bearing a directing group (DQG)
have been developed.['>?°1 Most of them rely on the for-
mation of a 14-electron iridium complex that can exert C—
H activation through a chelation mode (inner-sphere di-
rected), leading to ortho-borylated products, which has
been reviewed several times.*32] On the other hand, re-
mote regioselective C—H borylation of mono- and
1,2-substituted (hetero)arenes is less studied™’! but in-
creasing. In this review, we discuss the recent progress in
Ir-catalyzed outer-sphere directed meta- and para-

(0]
: I Ir(OMe)(cod)], (0.75 mol%)
N(hex)2

L1 (1.5 mol%), B,pin,
p-Xylene, 25 °C, 16 h

1a

selective C—H borylation of (hetero)arenes contributed by
the groups of Kanai, Chattopadhyay, Phipps, Itami, Nakao,
and Gramage-Doria. This review is organized by research

group.
2 Remote C—H borylation of arenes

2.1

In 2015, the Kanai group®! reported an elegant me-
ta-selective C—H borylation of (hetero)arenes (Scheme 2).
They designed a new ligand L1 in which a hydrogen-bond
donor urea was appended to the bipyridine unit. Thus, a
secondary interaction between this donor and a suitable
hydrogen-bond acceptor in the substrate would place the
metal center of the catalyst in close proximity to the de-
sired C—H bond (Scheme 2, INT-1). They found that
L1/Ir catalytic system was suitable for controlling meta-
positions of benzamides 2a~2e with good to excellent
regioselectivity (up to >30 . 1 meta/para ratio). In addi-
tion to the amide functionality, the current meta-selective
C—H borylation also well proceeded using aromatic
phosphorus compounds, such as phenyl phosphate 1f,
phosphonic diamide 1g, and phosphine oxide 1h, and the
corresponding products 2f~2h were obtained with high
meta-selectivity. In addition to improving meta-selectivity,
the Kanai group®! also found that the reaction rate was
also accelerated due to the recognition and capture of the
aromatic substrate by the urea moiety of the ligand through
hydrogen bonding.

2.2 The Chattopadhyay group

The Kanai group

Chattopadhyay and coworkers*®! developed a formal
Ir-catalyzed meta-selective C—H borylation of aromatic
aldehydes via in situ-generated imines (Scheme 3). In the
presence of 3,4,7,8-tethramethylphenanthroline (L2), a

Bni

m/p 27 1
40% yield

\ N(hex),
Bnlp\©f‘\
- Bnlp - Bpln m/p 7.8.1
59% yield
INT-1
@A e
Bnip
NMEQ \©/
m/p = 16 1
c4/05 6.4:1 o
86% yield 52% yield

selected examples

Bnip
(hex), \dL Me, Bnlp\©://<

2c
mip >30:1 m/p 3.3.1
44% yield 51% yield
(0]
. ' _NEt, /Cy
Bmp\©/'5\NEt2 Bnlp\©/|5
29
mip > 30:1 m/p > 30,1
46% vyield 44% yield

Scheme 2 Hydrogen-bond directed meta-selective C—H borylation
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4.0 equiv. RNH,, DCM, r.t,, 4 h

©/CHO

Bnip CHO
then Ir(OMe)(cod)], (1.5 mol%) \©/
L3 (3.0 mol%), HBpin (5.0 mol%)

Bopin,, THF, 90 °C, 12 h 4a L2
Me
Me Entry R mip+o Conv.?%
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N-R _ L Me H n @Numbers in parentheses refer to isolated yield.
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Cl

m/o = 100:0
66% yield (Me)
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73% yield (Me)
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91% vyield (t-Bu)

(0]
Bni
nlp@oa
Br

m/p+o = 100:0
63% yield (Me)

OMe

m/p+o = 100.0
92% vyield (t-Bu)

Scheme 3 B—N bond directed formal meta-selective C—H borylation

variety of substituted benzaldehydes underwent reaction
smoothly, and the corresponding borylated products 4a~
4e were obtained with very high meta-selectivity. The au-
thors proposed two transition states (TS-1 and TS-2) to
elucidate the outcome of regioselectivity. In the case H-
bond-directed approach TS-1, the imine substituent (R) is
far away from the Bpin moiety, thus meta-selectivity
should almost be independent of the size of R group. On
the other hand, in the cases of TS-2, because of the close
proximity of the R group to the Bpin moiety, the outcome
should be affected by the size of the R group. A remarka-
bly clear trend for the meta-selectivity was observed as the
imine substituent R was made smaller (Scheme 3, Entries
1~3), indicating that TS-2 is more plausible in which the
secondary interaction through the imine N and boryl B is
facilitated because of the reduced steric repulsion for the
smaller R group.

In 2017, the same group®”! reported a novel noncovalent
interaction approach for the Ir-catalyzed para-selective
C—H borylation of (hetero)aromatic esters (Scheme 4).
They designed an L-shaped ligand (L3) with a quinoline
moiety being appended to the bipyridine moiety. The
quinoline may tautomerize to the more stable L3' due to
the aromatic resonance stabilization, which could further
form an O—K bond with the treatment of KO‘Bu. Thus, in
the presence of [Ir(OMe)(cod)]., Baping, and KO'Bu, the
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O-K group of the trisboryl irdium catalyst could recognize
the functionality of carbonyl oxygen atom of the aromatic
ester through the noncovalent interaction as shown in the
proposed INT-2, which would place the desired C—H
bond of the substrate in close proximity to the center of the
catalyst. They found that L2/Ir/KO'Bu catalytic system
was suitable for the para-selective C—H borylation of (he-
tero)aromatic esters 5a~5i with excellent regioselectivity.

2.3 The Phipps group

In 2016, Phipps and coworkers®®®! developed an elegant
Ir-catalyzed meta-selective C—H borylation of readily
accessed aromatic quaternary ammonium salts (Scheme 5).
They designed and synthesized a new ion-pairing ligand
(L4) with a sulfonate-bearing tether appending to the bi-
pyridine unit. The putative key intermediate INT-3 that
determined the regioselectivity is formed through ion pair-
ing between the charge center of cationic arene substrates
and anionic sulfonate of the catalyst, thus placing the de-
sired meta-C—H bond close proximity to the iridium cen-
ter. As a comparison, the observed poor regioselectivity of
the C—H borylation with two neutral surrogates 9 and 10
for 7a demonstrated the importance of the positive charge
on the substrate for the ion pairing. This method could tol-
erate a broad spectrum of substrates including flexible
ammonium salts,*” affording meta-borylated products
8a~8e with good to excellent regioselectivities. The same

Chin. J. Org. Chem. 2021, 41, 2610~2620
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Scheme 4 Non-covalent interaction directed para-selective C—H borylation of (hetero)aromatic esters
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Scheme 5 Ion-pair directed meta-selective C—H borylation of aromatic quaternary ammonium salts
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group” further applied the same strategy to the Ir-catal-
yzed meta-selective C—borylation of aromatic phospho-
nium salts 11, which showed excellent regioselectivities
(Scheme 6).

Apart from the ion-paired directed regioselective C—H
borylation, the same group!*!l reported that this same ani-
onic ligand L4 was also highly proficient as a hydrogen
bond acceptor to direct Ir-catalyzed meta-C(sp*)—H bory-
lation of (hetero)aromatic substrates bearing amide hydro-

gen bond donor as shown in Scheme 7. The presence of
hydrogen bond was evidenced by NMR titrations. The ob-
served poor regioselectivity of N-alkylated substrates fur-
ther demonstrated the importance of the hydrogen bond
between substrates and the catalyst. A proposed hydrogen
bonding intermediate INT-5 that places the iridium center
close proximity to the meta-C—H bond is responsible for
the observed regioselectivity. This method was well toler-
ated with benzylamine (13a~13c), phenethylamine

ng Ir(OMe)(cod)], (1.5 mol%) _ TsO- So-
PMes L4 (3.0 mol%) Bnip PMes |Med/ N o= 8
cl B,pin,, dioxane, 50 °C, 16 h ol —N N N(n-Bu),4
11a 12a L4
\ / mip > 20:1
89% yield

— Cationic substrate cl -

N Y _/—Me
"
Bnip— "~ Bpin
L Bpin _
INT-4
TsO" TsO"
Bni T -
mp\©/\PMe3 Bn|p\©/\EMe3
F Bpin

12d: > 20:1, 71% yield 12e: > 20:1, 69% yield

p— Selected examples

12f: > 20:1, 80% yield

Bni 9 Bnip
p\CCPM% \Cf PMes

12b: > 20:1, 70% yield 12¢: 17:1, 73% yield

"
PMe; TsO =+

TsO- Bnip\©\/\/ PMej
Cl

12g: > 20:1, 80% yield

Bpin

Scheme 6 Ion-pair directed meta-selective C—H borylation of aromatic phosphonium salts
o Ir(OMe)(cod)], (1.5 mol%) o] SN\ = SOy
U L4 (3.0 mol%) Bnip JL Me \
N~ >CF N~ CF, —N -7 fns
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14d: 18:1, 86% yield 14e: 8:1, 87% yield
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14i: 9:1, 94% yield
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Scheme 7 Hydrogen-bond directed meta-selective C—H borylation
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(13d~13g), phenylpropylamine (14h and 14i), and pyri-
dine containing amine (14j~14l) derivatives, providing
valuable and partial access to pharmaceutically relevant
scaffolds bearing complex substitution patterns.

Based on the above results, Phipps and coworkers*?! re-
placed achiral cation tetra-n-butylammonium with dihy-
droquinine (DHQ) derived chiral cation to form the chiral
ion-paired ligand (L5). They envisioned that stereoselec-
tivity could be determined by the DHQ derived chiral cat-
ion by virtue of hydrogen bond between the substrate and
the chiral ion pairing catalyst (Scheme 8, INT-6). The re-
action of prochiral benzhdrylamides 15a~15f with B,pin,
could perfectly undergo enantioselective meta-C(sp*)—H
borylation, resulting 17a~17f with 85%~96% ee after
oxidation. Notably, excellent meta-selectivity was ob-
served when a substrate contains a competitive reaction

R
L-2 (3 mol%)
\ /gO [Ir(OMe)(cod)] (1.5 mol%)

0

site at its para-position (17d~17f). In addition to ben-
zhdrylamides, this protocol could be further extended to
the enantioselective meta-C(sp*)—H borylation of prochi-
ral diarylphophinamides 15g ~ 15i, affording P-chiral
compounds 17g~17i with 80%~93% ee.

To further explore more diverse remote selectivity, the
Phipps group!! developed an alternative ion-pairing strat-
egy, in which the counterion of sulfamate salt 18a' does
not deliver the reactive catalyst but is unfunctionalized and
bulky, acting as a “steric shield” to obstruct borylation at
the meta-position as shown in Scheme 9 (INT-7), thereby
allowing for para-selective C—H borylation with simple
commercially available 4,4'-di-fert-butyl-2,2'-bipyrdine
(LL6). The para-selectivity increased with increasing the
bulkiness of the size of the coutercation (Scheme 1, Entry
1 vs Entry 2). The facilely removable anionic directing

R R

/&o Hy0,

HN 12
V% oxidation

) v,
NGOG ¢ A
15: X = CH, PO / 16 17
N % |
0" %
N
— O=s7 LN
M / \ o~ \
o W 0=579
N N H " 7\ = o
H \ R e \ /
X,N =N N
@) L5 Ar = 3,5-t—BU206H3
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Selected examples
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"
Cl
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Scheme 8 Hydrogen-bond directed enantioselective meta-selective C—H borylation
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OH
Bnip Bnip Bnip Bnip
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71 12:1 71 10:1
82% yield 92% yield 92% yield 50% yield

Aryl or benzyl sulfonates (borylation then treated with POCI3 or piperidine)

19
10:1
72% yield

Bnip Bnip

53% yield

cl CF3
Bnip Bnip
19k 191 19m
8:1 11:1 8:1

53% yield 61% yield

Scheme 9  Steric repulsion directed para-selective C—H borylation

groups for ion pairing make this method valuable and
practical. Another advantage of the current method is that
it can transform a broad range of the most useful arene
building blocks encompassing anilines, benzylamines (18d
and 18e), phenols (18f and 18¢g), and benzyl alcohols (18h
and 18i) as well as several classes of arenesulfonate (18j~
18m) to valuable para-borylated products (19a~19m).

2.4 The Itami group

In 2015, the Itami group** reported a highly para-sele-
ctive C—H borylation (up to 91%) of monosubstituted
benzene derivatives (Scheme 10, 20a~20i) using a new
iridium catalyst bearing a bulky diphosphine ligand, Xyl-
MeO-BIPHEP (L7). They found that regioselectivity is
predominantly controlled by the steric repulsion between
the substrate and the para-selectivity according to the re-
gioselectivity increased with the increasing bulkiness of
the substituent on the arene (Scheme 10, 21b~21e). In the
proposed reaction mechanism of C—H borylation, 20a
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approaches from the top side of the square pyramidal irid-
ium trisboryl complex (INT-8). The bulky substituents on
diphosphine ligand restrict the upper hemisphere around
the iridium center so that the para-C—H bond reacts pref-
erentially over that in meta-position.

2.5 The Nakao group

Another interesting alternative to control remote selec-
tivity is synergistic catalysis.[*’) In 2017, Nakao and
coworkers!*®! reported highly para-selective C—H boryla-
tion of (hetero)aromatic amides enabled by cooperative
iridium/aluminum catalysis (Scheme 11). This reaction is
well tolerated with aryl amides (22a~22f), heteroaromatic
amides (22g and 22h), and aryl phosphonate (22i) using a
combination of L6/Ir and aluminum catalyst MAD, af-
fording the desired borylated products (23a~23i) with
good to excellent regioselectivities. They further success-
fully applied this strategy to C4-selective borylation of
pyridine and its derivatives (24) using a slightly different

Chin. J. Org. Chem. 2021, 41, 2610~2620
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Scheme 10 Steric repulsion induced para-selective C—H borylation
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Scheme 11 para-Selective C—H borylation by cooperative iridium/aluminum catalysis
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aluminum catalyst (iBABr) (Scheme 12).49) The key to the
success of the above transformations relies on the use of a
bulky aluminum Lewis acid (LA) that can reversibly un-
dergo complexation with the carbonyl oxygen atom of the
amide moiety of substrates or pyridine nitrogen atom. Such
interaction could not only make arene core more elec-
tron-deficient and thus more reactive but also create steric
repulsion between a ligand on iridium and LA that would
block the ortho- and meta-positions and force the C—H
borylation to proceed at the para-position (Scheme 12,

| SN Ir(OMe)(cod)], (1.0 mol%)
= L6 (2.0 mol%), iBABr (10 mol%)
24a Bopin,, n-hexane, r.t., 16 h

INT-9).

Inspired by the above results, the same group” devel-
oped an Ir-LA bifunctional catalyst for the meta-selective
C—H borylation of benzamides and pyridines. The de-
signed bifunctional catalyst consists of a bpy or phenan-
throline moiety for ligating Ir, a linker which arranges the
position of the metal center to control the site selectivity,
and a Lewis acidic alkylaluminum- or alkylboron-based
moiety to recognize Lewis basic functionality of substrates
(Scheme 13A). They found that L7-AlOct, which has a

B
%

Bnip

25a i
Célothers = 12:1 o ANy
76% yield |l =

Bu Bu! Bu! Bu
IS e 0, 0 o —-—
_ / Al
N N B | fBu
L6 Bu

iBABr

Me OMe
>N SN
Bnip
25b 25¢
C4/others > 20:1
52% yield

Bnip

C4/others > 20:1
65% vyield

Selected examples

F Bnip Bpin
Bnip” =N N
. 25d 25e
C4/others > 20:1 > 20_:1
81% yield 67% vyield

Scheme 12 C4-selective C—H borylation of pyridines by cooperative iridium/aluminum catalysis

(A) Ir-LA bifunctional catalyst for the meta-selective C-H borylation

X
7

X = aminocarbonyl or N

bifunctional Ir-LA catatyst

(B) Selected substrates for the meta-selective C-H borylation

Ir(OMe)(cod)], (1.0 mol%)

X

= L7 or L8 (2.0 mol%)
Bopiny
Selected examples

R

I
& R

o) o o]
. Bni . II_OMe
Bmp\©\)LNEt2 n'p\©\)J\NEt2 Bmp\@[P\OMe
Me COzMe OMe
26a 26b 26d
L7-AlOct  Ocf >99:1 95:5 87:13
97% vyield 98% yield 84% yield
. Bni
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Scheme 13  meta-Selective C—H borylation of (hetero)arenes
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biphenyl diol linker with octylaluminum LA moiety, was
able to control excellent meta-selectivity with good reac-
tivity for the C—H borylation of benzamides and aryl
phosphonate (Scheme 13B). As a comparison, the use of
MOM protected L7 (L7-MOM) and Al(n-Oct)s, however,
gave a mixture of isomers as products without selectivity.
In addition, by using a rationally-designed borane-based
1,10-phenanthroline ligand L8, highly regioselective C—H
borylation of pyridine derivatives was observed (Scheme
13).

2.6 The Gramage-Doria group

Very recently, the Gramage-Doria group!®! realized a
highly meta-selective C—H borylation of pyridines ena-
bled by enzyme-like supermolecular iridium catalysis
(Scheme 14). With a rationally-designed Zn(II)-porphyrin-
based N,N-chelating ligand L9, they found its iridium
complex exhibiting a strong affinity for pyridine deriva-
tives (K>10* Lemol ') by means of kinetically labile
Zn-N coordination (Scheme 14, INT-9). The perfect ge-
ometry and ideal atom-precise distance between the active
site and the substrate recognition site rendered borylated
products 27 with exclusive meta-selectivities (Scheme 14,

~ i \ X
i Bpin Bpi
\ _N 1 | >N /N\E/BB;I:
i r—
N : Z N‘N/\ X
N ! 24a N oH|l
| Ph . P
\ N : N N
E Bopin, |L9/Ir :
a | :
E Bnip N
: | N Ph
Ph ! _
L9 | INT-9

INT-9). Kinetic studies revealed that the current catalytic
system displayed enzyme-like features such as Michae-
lis-Menten kinetic and substrate selectivity. This work also
showed that N,N-chelating ligands beyond bpy and phe-
nanthroline derivatives are suitable for Ir-catalyzed C—H
borylation.

3 Summary and outlook

In summary, we discussed Ir-catalyzed remote regiose-
lective C—H borylation of (hetero)arenes using outer-
sphere directed strategies. A secondary interaction such as
hydrogen bond, ion pairing, Lewis acid-base complexation,
steric repulsion, and other non-covalent recognition is cru-
cial to achieving either meta- or para-selectivity. Despite
the advances made, challenges remain. Firstly, types of
substrate types are still very limited, especially, diverse
regioselective C—H borylation of aliphatic compounds
remains underdeveloped. Secondly, remote stereoselective
C—H borylation is still at the infancy stage. Thus, this area
still needs more endeavors, with emphasis on the devel-
opment of new strategies and novel chiral/achiral ligands.

R
27a: R=H, 28: R = Bpin
27a+28/others = 100:0, 27a/28 = 13/87, 70% yield for 28

Other selected examples:

Bnip\© Bnip\© Bnip | N Bnip | N Bnipy\
| N
= — = = N/
Me”
Me F CO,Et CF3

27b: 87% yield 27c: 92% yield

27d: 94% yield

27e: 45% yield 27f: 90% yield

Scheme 14 Supermolecular iridium catalysis for meta-selective C—H borylation of pyridines
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