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ABSTRACT: The functionalization of C—H bonds in organic molecules containing Meatayst | @ o
functional groups has been one of the holy grails of catalysis. One synthetically important Blor (Sl — @G
approach to the diverse functionalization of C—H bonds is the catalytic silylation or carlystage | @[S natural products

borylation of C—H bonds, which enables a broad array of downstream transformations to late-stage

afford diverse structures. Advances in both undirected and directed methods for the
transition-metal-catalyzed silylation and borylation of C—H bonds have led to their rapid
adoption in early-, mid-, and late-stage of the synthesis of complex molecules. In this Review, we review the application of the
transition-metal-catalyzed silylation and borylation of C—H bonds to the synthesis of bioactive molecules, organic materials, and
ligands. Overall, we aim to provide a picture of the state of art of the silylation and borylation of C—H bonds as applied to the
synthesis and modification of diverse architectures that will spur further application and development of these reactions.
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1. INTRODUCTION

The direct functionalization of C—H bonds, particularly the
site-selective functionalization of C—H bonds, has been a long-
standing goal of organic chemists.' Beyond the fundamental
challenge facing the activation of C—H bonds that are
nonpolar and have high bond dissociation energies lies the
challenge of functionalizing C—H bonds with high site
selectivity and high chemoselectivity in molecules ranging
from alkanes to complex molecules containing an array of
functional groups interspersed with C—H bonds that sit in
varying steric environments and possess varying electronic
properties. Systems that lead to the functionalization of one
C—H bond in alkanes ranging from methane to linear, low-
density polyethylene or one C—H bond in a molecule as
complex as natural products, medicinally active compounds, or
even sophisticated electronic materials would lead to widely
applicable, new approaches to the synthesis of organic
molecules valuable for a variety of applications.

Because of this challenge and potential application, chemists
have developed over the past few decades a series of strategies
for the functionalization of C—H bonds, some of which have
been applicable to the functionalization of C—H bonds in such
complex molecules.” The synthetic utility of a particular

method for the functionalization of C—H bonds can be
demonstrated by the types of complex molecules that can be
prepared. The C—H bond functionalization can be applied in
the “late-stage” of a synthetic sequence or it can be used earlier
in the sequence to create building blocks or to install groups
that can be diversified later in a synthesis.

Methods for efficient, catalytic functionalization of unac-
tivated C—H bonds with boron and silicon reagents are
particularly attractive for synthetic chemists because of the
versatile reactivity of the boryl and silyl functional groups in
the products. Both the boryl and silyl groups can serve as
transient functional groups to form products containing a
variety of functional groups at the position of the C—B or C—
Si bond. For example, both arylboron and arylsilicon reagents
undergo cross-coupling with carbon-electrophiles in the
presence of an appropriate catalyst to form C—C bonds,
undergo oxidation by H,0, to form alcohols, undergo
halogenations to form aryl halides, and undergo aminations
to form a variety of products containing carbon—nitrogen
bonds. The mechanism, scope, and applications of these
reactions have been presented in several reviews.” The wide
scope, mild conditions, high-turnover numbers, and predict-
able site selectivity of these reactions, in combination with
their value as synthetic intermediates, have caused the
widespread adoption of these methods.

Examples of the borylation and silylation of C—H bonds can
be subdivided into three classes: (1) undirected, intermolec-
ular; (2) directed, intermolecular; and (3) intramolecular.
Reactions that occur intramolecularly or that occur after
binding of the catalyst to a directing group require tethering of
the reagent to the substrate, the presence of a suitable directing
group on the substrate, or installation of the directing group.
Reactions that occur intermolecularly without a directing
group typically occur with lower reaction rates, but they do not
require the substrate to contain a functional group that can
serve as or attach to a directing group.

The most commonly employed catalysts for undirected
intermolecular silylation and borylation of C—H bonds contain
Group 9 metals (Co, Rh, and Ir) o although several examples
that comprise Group 10 metals,"~"” Group 8 metals,'*"** and
Group 7 metals™ are known. The silylation of aryl C—H bonds
is typically conducted with a hydrosilane, and common
catalysts are rhodium complexes containing bisphosphine
ligands, such as 3,4,5—trimethoxylphenyl—MeO—BIPHEP,26 and
iridium complexes containing dipyridyl-type ligands, such as
2,4,7-trimethyl-1,10-phenanthroline.”” The borylation of aryl
C—H bonds is typically conducted with B,pin, or HBpin as the
boron source, and common catalysts are PNP pincer
complexes containing cobalt,”® and iridium complexes
containing bipyridine-type ligands, such as 4,4'-ditert-butyl-
2,2"-bipyridine (dtbpy)”* and 3,4,7,8-tetramethyl-1,10-phenan-
throline (tmphen).””*" The borylation of alkyl C—H bonds
occurs with rhodium piano stool complexes, such as Cp*Rh-
(7*-C¢Meg),”” and iridium complexes containing bipyridine-
type ligands (Scheme 1).

The undirected silylation of aryl C—H bonds are run with
hydrosilanes and often require the addition of a hydrogen
acceptor. The borylation of alkyl and aryl C—H bonds are
typically run with diboron reagents and generate hydroborane
as the byproduct, although there are also many examples in
which the reaction is conducted with hydroborane without a
hydrogen acceptor.
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Scheme 1. Common Group 9 Catalyst Precursors and
Ligands for the Silylation and Borylation of C—H Bonds

a) catalyst precursors and ligands used for the
undirected silylation of arenes
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b) catalyst precursors and ligands used for the
undirected borylation of arenes
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c) catalyst precursors and ligands used for the
undirected borylation of alkanes
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Mechanistic studies suggest that the borylation of aryl C—H
bonds with cobalt pincer complexes occurs by a mechanism
comprising a combination of Co(I) and Co(Ill) intermedi-
ates.”*> Mechanistic studies on both the borylation of alkyl
C—H bonds and silylation of aryl C—H bonds with rhodium
complexes indicate that the reactions occur by mechanisms
comprising Rh(I) and Rh(III) intermediates. In stark contrast,
the silylation and borylation of aryl and alkyl C—H bonds with
iridium complexes is accepted to occur by a cycle comprising
Ir(Il1) and Ir(V) intermediates.””*"**~>" Broadly speaking,
however, these reactions occur under the same mechanistic
manifold: the C—H bond of the substrate undergoes oxidative
addition to the active catalyst L,M*H,E, (E = B or Si; L =
nitrogen-donor or phosphorus-donor ligand) to generate
L,M>**H, . .E,R. The metal—alkyl or metal-aryl intermediate
then undergoes reductive elimination to form the C—E (E = B
or Si) bond. Catalyst turnover is achieved by reaction with the
main group reagent and hydrogen acceptor (if present)
(Scheme 2).

With these mechanisms in mind, the site selectivity and
strategies for the silylation and borylation of C—H bonds can
be rationalized. Because these transition-metal-catalyzed
functionalizations of C—H bonds occur through the formation
of an aryl—metal or alkyl—metal intermediate, reactivity trends
in the absence of steric factors tend to parallel measures of
metal—carbon bond strength or C—H acidity, as have been
studied for other metal-catalyzed C—H arylation processes.’*”
Undirected borylations and silylations tend to favor function-
alization of the most acidic heteroaryl C—H bond over aryl C—
H bonds, aryl C—H bonds over alkyl C—H bonds, and primary
alkyl C—H bonds over secondary or tertiary C—H bonds.
Moreover, the pronounced steric bulk around the metal
complexes have led to exquisite, sterically driven selectivities

Scheme 2. (a) Generalized Mechanism of Transition-Metal-
Catalyzed Silylation and Borylation of C—H bonds and (b)
Complexes Implicated in the Reactions

a) generalized mechanism of the silylation and borylation of C-H bonds
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b) intermediates implicated in the silylation and borylation of C-H bonds
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for appropriately substituted arenes and heteroarenes with
good meta-selectivity. This sterically driven selectivity often
overrides electronic factors. Several reviews and models to
predict site selectivity have been published.**™** Intra-
molecular silylations occur by replacement of one of the
boryl or silyl substituents bound to the metal center with the
silyl group of the substrate containing an Si—H bond. For
intermolecular, directed borylations or silylations, two
coordination sites are needed. The lack of two open
coordination sites in the iridium catalysts ligated by chelating
dative ligands and the steric bulk of the ancillary ligands in
other cases lead to the requirement of alternative types of
ligands, including hemilabile ligands, LX ligands, and ligands
with charges for ionic interactions (see below for examples).
This Review focuses on the application of the silylation and
borylation of C—H bonds catalyzed by transition metal
catalysts for the synthesis of complex molecules. The Review
has been organized into two main sections: the transition-
metal-catalyzed silylation of C—H bonds for the synthesis of
complex molecules and the transition-metal-catalyzed boryla-
tion of C—H bonds for the synthesis of complex molecules.
Several alternative strategies for the borylation and silylation
of C—H bonds are emerging, such as those occurring by
Friedel—Crafts mechanisms,””** borylation of alkanes by HAT
processes,””~*" silylation of heteroarenes by radical chain
processes,”® and borylation and silylation of heteroarenes by
Minisci-type reactions.”” > Although some of these reactions
contain transition-metal photocatalysts, the bond cleavage and
bond formation do not involve a transition-metal catalyst and,
therefore, are not covered in this Review. Also excluded from
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this Review are processes occurring by the combination of
lithiation and borylation of the resulting organolithium
species.53

2. TRANSITION-METAL-CATALYZED SILYLATION OF
C—H BONDS IN COMPLEX MOLECULES

Motivated by the potential for the broad impact of methods
that transform C—H bonds to C—Si bonds discussed in the
introduction, significant research has been devoted to
discovering transition metal catalysts that lead to the mild
and highly selective silylation of aryl and alkyl C—H bonds.
Reviews have been published that outline the history and
recent progress of such systems.”**™>° This section of this
Review provides information on the application of these
catalytic systems to the silylation of C—H bonds in complex
molecules and fragments thereof.

2.1. Silylation of Aryl C—H Bonds in Complex Molecules

Arylsilanes are traditionally prepared by the reaction between
chlorosilanes or cyclosiloxanes and Grignard or organolithium
reagents. One main limitation of this method is the functional-
group incompatibility of Grignard and organolithium reagents.
Also, large-scale synthesis using this method creates a large
amount of metal salt byproducts. Alternatively, arylsilanes can
be prepared by cross-coupling of aryl halides with hydrosilanes
or disilanes catalyzed by transition metal complexes. While this
approach overcomes the functional group incompatibility of
Grignard and organolithium reagents, this approach requires
prefunctionalization of the arene, and the regioselectivity of
silylation is limited by the halogenation step.

Methods to prepare aryl organosilanes by the silylation of
C—H bonds are attractive because they eliminate the
requirement for prefunctionalization of the arene. Also, they
could form products with regioselectivity that is distinct from
that of halogenation and silylation of the derived organo-
magnesium intermediate.

Examples of the silylation of aryl C—H bonds can be divided
into three classes: (1) intramolecular, (2) directed intermo-
lecular, and (3) undirected intermolecular silylations of C—H
bonds. Intramolecular silylation produces the products of the
silylation of C—H bonds in good yields, but this strategy
requires tethering a suitable silane to the arene. Intermolecular
silylation of C—H bonds directed by a coordinating group on
the arene occurs with good selectivity from the directing group
but is limited to substrates that have suitable groups that will
coordinate the catalyst. Until recently, undirected intermo-
lecular silylation of aryl C—H bonds had required high
temperatures and a large excess of arene. These characteristics
limited the synthetic utility of the silylation of C—H bonds.
Systems discovered by our laboratory have overcome this
restriction.”*®?

2.1.1. Intramolecular Silylation of Aromatic C—H
Bonds. The intramolecular silylation of aryl C—H bonds
catalyzed by transition metals leverages a silane on the reactant
as an X-type ligand to direct the activation of a C—H bond.
Upon Si—C reductive elimination, silacycles are formed. The
connection between the silane and the aryl C—H bond in the
reactants undergoing intramolecular silylation have been silyl
acetals or a siloxane from a phenol in complex molecules.

For example, in 2016, Jeon et al. reported a Rh-catalyzed
intramolecular silylation of an aryl C—H bond on estrone and
estradiol to furnish six-membered aryl silanes.”” The silyl acetal
acting as the intramolecular silylation reagent was formed by

acylation of the phenol, followed by Ir-catalyzed hydro-
silylation of the resulting ester (Scheme 3).

Scheme 3. Rh-Catalyzed Silylation of Aromatic C—H Bonds
of Estrone (a) and Estradiol (b)

[o]

a
1. ethylene glycol, p-TsOH
2. CICH,COCI, NEty ’
L HELSI
e H 3. [Ir(coe),Cl], (0.1 mol%) OG
HO H,SIEt,

THF

[Rh(nbd)Cl], (0.4 mol%)
P(4-OMePh); (2.4 mol%)

nbe (2 equiv), THF E?Z 0'
—_— o | - 30%
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OSlEtzH

0’ 1. CICH,COCI 0. CI
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OSlEle
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cw
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nbe (2 equiv), THF 0/Si O
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Clvj\o o 78%

Cui and Xu et al. also reported the intramolecular silylation
of an aryl C—H bond on estrone, in this case with an Ir catalyst
and a disiloxane tether to form a six-membered aryl silane.”®
The tethered disiloxane was formed by reaction of the silanol
derived from the starting phenol with a chlorodisiloxane
(Scheme 4).

Scheme 4. Ir-Catalyzed Silylation of Siloxane-Tethered
Estrone

[Ir(cod)Cl], (1 mol%)
tmphen (2.2 mol%)

HMe,Si,
o nbe, THF, 100 °C

-Pr—g
Si.
P’ O

2.1.2. Directed Intermolecular Silylation of Aromatic
C—H Bonds. The intermolecular silylation of aryl C—H bonds
can occur with or without a directing group on the arene. The
directed methodologies have been limited mostly to silylation
ortho and meta to the directing group, and when the directing
group is not present in the desired product, the directing group
must be installed and removed. Despite these challenges,
directed silylation has received considerable attention because
it is faster and it provides greater control of regioselectivity
than the undirected reactions.

The directed silylation of ary]l C—H bonds was applied to
the functionalization of gramine and tryptamine by Gates and
Pilarski et al.”” They reported a C2-selective, amine-directed
silylation catalyzed by ruthenium. This reaction occurs with
perfect regioselectivity (Scheme $).

Shi, Wang, and Houk et al. reported a Pd-catalyzed, double
silylation of indoles tethered to complex molecule scaffolds
using octamethyl 1,4-dioxacyclohexasilane (ODCS) as the
silylating reagent ° The first C—H silylation was directed to
C7 by a P".group appended to the indole nitrogen. The
second C—H silylation was an intramolecular silylation of the
C—H bond on C6 to afford the cyclized product (Scheme 6).
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Scheme §. Ru-Catalyzed Silylation of Gramine and
Tryptamine Directed by Amines

H
N
V4
7

RuH,(CO)(PPhg) (5 mol%)
HSiMe,Ph (5 equiv) N

be (5 equi

nbe (5 equiv) ©/\/(SiMEQPh
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N
gramine  \ 85% \
RuH,(CO)(PPh3)3 (5 mol%)

H HSiMe,Ph (5 equiv) H

N nbe (5 equiv) N .

P Y SiMe,Ph

toluene, 135 °C

tryptamine NH, 79%  NH

Scheme 6. Pd-Catalyzed Disilylation of Indoles Directed by
Phosphorus

Pd(OAc), (10 mol%)
ODCS (2.5 equiv)

R
N\ DMBQ (2.5 equiv) A\ MeZSi/O\SiMeZ
1 1
H N Toluene, 120 °C Me,Si’ N t MeZS|\O,S|Me2
PBu PiBu
H 0-SiMe, 2 obcs

31%

The same P™ directing group bound to the indole nitrogen
was used again by Shi and Houk et al. in 2021 to achieve the
C7-selective, monosilylation of indoles catalyzed by palla-
dium.®" Hexamethyldisilane was used to install a TMS group
on several indole substrates with tethered complex molecules
(Scheme 7).

Scheme 7. Pd-Catalyzed Monosilylation of Indoles Directed
by Phosphorus

R, Pd(OAC), (10 mol%) R
R, Me3Si-SiMe;z (5 equiv) R
N\ DMBAQ (3.5 equiv) A
N\ Toluene, 120 °C N\
PBu, SiMe, P'Buz

While these examples of intra- and intermolecular silylations
of aryl C—H bonds have occurred on complex molecules or
substrates with such scaffolds appended, the directed,
intermolecular silylation of aryl C—H bonds has also been
reported for the synthesis of pharmaceutical precursors. TAC-
101, a retinoid that has shown promising antitumor activity,
contains a disilylated arene in the final structure. In 2017, Maiti
et al. reported a Pd-catalyzed method for the meta-selective
silylation of 1,3-disubsituted arenes directed by a nitrile-based
template for the disilyl arene.”> Removal of the directing group

reveals a functional handle that can be leveraged to complete
the formal synthesis of TAC 101 (Scheme 8).

Scheme 8. Pd-Catalyzed, meta-Selective Silylation Directed
by a Nitrile toward the Synthesis of TAC 101

Pd(OAc), (10 mol%)
Qo Ac-Gly-OH (20 mol%) Qo

TMS\©A§ Me;Si—SiMe; (5 equiv) ™S s
Ojgome W @Aojjom
NG 45 °C then 65 °C ™S NC

o 54%
o) /@J\OH s
™S N
™S TAC 101

2.1.3. Undirected Intermolecular Silylation of Aro-
matic C—H Bonds. Methods for the intermolecular silylation
of aryl C—H bonds without a directing group are valuable
because they do not require specific functionalities to be
present in the substrate. The regioselectivity of such reactions
is more difficult to control than that of intramolecular and
directed reactions, and reactions can be sensitive to the identity
of the silane. Nevertheless, selective and functional-group-
tolerant methods for the undirected silylation of aryl C—H
bonds have been developed and applied to the functionaliza-
tion of a range of complex molecule scaffolds.

In 2015, our laboratory published an Ir-catalyzed method for
the undirected silylation of aryl C—H bonds with 2,4,7-
trimethylphenanthroline as ligand and 1,1,1,3,5,5,5-heptame-
thyltrisiloxane as silyl source.”” The reaction occurs with
regioselectivity derived from both steric and electronic factors.
The silylation occurs on arenes, thiophenes, and pyridines in a
range of pharmaceutical compounds (Scheme 9).

In 2019, our laboratory reported more active catalysts
containing a sterically encumbered 2,9-dimethylphenanthroline

Scheme 9. Undirected Silylation of C—H Bonds Catalyzed
by Iridium

2,4,7-Mephen =

[Ir(cod)OMe], (1.5 mol%)
2,4,7-Mephen (3.1 mol%)

Het(Ar)-H Het(Ar)—[Si]
HISi] (1.5 equiv)
cyclohexene (1 equiv) [Si] = SiMe(OSiMe3),
THF, 100 °C
MeOOC ClI (0]
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ligand, in combination with [Ir(cod)OMe],.”” This system
catalyzes the silylation of aryl C—H bonds at lower
temperatures and with faster rates than previously reported
ones. Computational studies indicated that the resting state of
the iridium catalyst containing the more sterically encumbered
2,9-dimethylphenanthroline is a disilyl hydride complex, which
is less sterically hindered and more reactive than the iridium
trisilyl restin§ state generated from less hindered phenanthro-
line ligands.”® This catalytic system was used in a two-step,
silylation/cross-coupling sequence on 2-thiophenesulfonamide
to access a key intermediate in the synthesis of AR-C123196,
an anti-inflammatory for asthma (Scheme 10). In a 2020
report, this same system catalyzed the silylation of caffeine in

good yield (Scheme 11).*

Scheme 10. Ir-Catalyzed Silylation and Cross-Coupling of 2-
Thiophenesulfonamide toward the Synthesis of AR-
C123196

OH
oA OMe
HoN
s
HN g - /
S ) [ IHN
o\ \ _
N

AR-C123196
1. [Ir(cod)OMe], (1 mol%)
2,9-Mephen (2 mol%)
HoN H-Si(Me(OTMS),) (1.5 equiv) H,N OMe
\

S \ S
S nbe, THF, 100 °C
Z / ¥ /
oD \ oW\

2. Pd('BusP), (5 mol%),
4-bromoanisole (1.2 equiy.
AgF (2 equiv.), THF/

2,9-Mephen =

Scheme 11. Ir-Catalyzed Silylation of Caffeine

| , [Ir(cod)OMe], (1.5 mol%) |
OYN N
AL

(0]

2,9-Mephen (3 mol%) ) 0. N /

H-Si(Me(OTMS),) (1.2 equiv) /7\‘/ | :/>—SiMe(OTMS)2
2.2. Silylation of Alkyl C—H Bonds in Complex Molecules
Like the silylation of aryl C—H bonds, the silylation of alkyl
C—H bonds can be divided into two main classes: (1)
intramolecular and (2) directed intermolecular silylations of
C—H bonds. The class of intramolecular silylations can be
further subdivided into three classes by the site of C—H
functionalization, defined by the position relative to the atom
to which the silane is attached: (1) y-C—H functionalization,
which has been developed most extensively; (2) 5-C—H
functionalization, which has been observed with a rhodium
catalyst; and (3) B-C—H functionalization, which was achieved
by designing an alternative mode of attaching the silane to an
alcohol.

Most commonly, intramolecular silylations of alkyl C—H
bonds occur by initial reaction of the silane with an alcohol,
carbonyl, or alkene to install the silane, followed by the
intramolecular C—H silylation and oxidation of the silacycle to
reveal a hydroxylated or O-acylated product. This sequence has
been implemented to achieve site-selective oxidations for the
synthesis of complex molecules and to modulate the properties
of complex molecules by oxidation.

Directed, intermolecular silylation of alkyl C—H bonds is
more limited than the intramolecular silylation and has rarely

nbe, THF, 100 °C

o 68%

been applied to the synthesis of complex molecules. However,
such reactions have been used to form silylated amino acids
and derivatives thereof, for proteomics and genetic technolo-
gies.

2.2.1. Intramolecular Silylation of Alkyl C—H Bonds:
y-Functionalization. The intramolecular silylation of an alkyl
C—H bond y to a directing group most commonly results from
the formation of a five-membered oxasilolane intermediate.
This intermediate can be oxidized under Tamao—Fleming
conditions to reveal a 1,3-dioxygenated product. The sequence
of silylation and oxidation has been employed on a wide range
of complex molecules to install hydroxyl or O-acyl groups site-
selectively.

In 2012, our laboratory published an intramolecular
silylation of primary C—H bonds y to a ketone or alcohol.”®
The innate ketone or alcohol is first transformed to a silylether
by an Ir-catalyzed hydrosilylation or dehydrogenative silylation
reaction, respectively. The silyl ether undergoes an Ir-catalyzed
intramolecular C—H functionalization reaction with tetrameth-
yl phenanthroline as ligand and norbornene as the hydrogen
acceptor to form a five-membered oxasilolane. Upon oxidation
of the oxasilolane, a 1,3-diol is formed (Scheme 12a). Further
functionalization to form a diacetate product has been
performed to facilitate purification and isolation.

Scheme 12. Ir-Catalyzed Silylation of Primary C—H Bonds
to Afford 1,3-Diols after Tamao—Fleming Oxidation

a OH
R)\/ [In] L,sg [lr]/trgphen 0—45{‘[()” OH OH
il nobe
or L H,SiEt R)\/ R — R)\)

R

1. [Ir(cod)OMe], (0.5 mol%)
Et,SiH; (1.2 equiv), rt

b 2. [Ir(cod)OMe],/tmphen (2 mol%)
nbe, THF, 120 °C
3. KHCO3, H,0,, 50 °C OAc

OH 4 Acs0, EtsN OAc
(+)-fenchol 66%
c
as part b
OAc
[e) AcO
(+)-camphor 57%

1. [Ir(cod)OMe]; (0.5 mol%)
Et;SiH; (1.2 equiv), rt

2. [Ir(cod)OMe]; (1 mol%)
tmphen (4 mol%)
nbe, THF, 120 °C

3. KHCO3, H,0,, 50 °C

1. Ru(PPhg)sCl (0.2 mol%)
Et,SiH, (1.2 equiv), 50 °C
2. [Ir(cod)OMe]; (2 mol%)
tmphen (4 mol%)
nbe, THF, 120 °C

3. KHCO3, H,0,, 50 °C

methyl glycyrrhetinate

In this 2012 paper, such a sequence was performed to
oxidize (+)-fenchol and (+)-camphor to their corresponding
1,3-diacetate products (Scheme 12b,c).65 In addition, the site-
selective C—H silylation and oxidation was performed on
methyl oleanate and methyl glycyrrhetinate to form the
corresponding 1,3-diols (Scheme 12d,e). The importance of
the synthesis of the 1,3-diol from methyl oleanate using this
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method was highlighted in work by Nishikawa and Qi et al.
reported in 2018 during which they synthesized a library of
neuritogenic derivatives by esterification of the secondary
alcohol of the 1,3-diol formed from methyl oleanate.®®

In 2014, our laboratory reported the intramolecular C—H
silylation of secondary C—H bonds ¥ to a tertiary alcohol
catalyzed by the same iridium system reported in 2012.°” This
expansion in scope allowed this process to occur on a tertiary
alcohol derived from cholesterol to form a 1,3-diol product
(Scheme 13).

Scheme 13. Ir-Catalyzed Silylation of Secondary C—H
Bonds to Form 1,3-Diol after Tamao—Fleming Oxidation

1. [Ir(cod)OMe], (0.5 mol%)
Et,SiH, (1.2 equiv), rt

2. [Ir(cod)OMe], (4 mol%)

tmphen (8 mol%)

nbe, THF, 120 °C

| 3.TBHP, CsOH-H,0
Hé TBAF, DMF, 80 °C

68% (1.2:1 dr)

The method reported by our laboratory in 2012 was
employed for the functionalization of carbohydrates. In 2012,
Pedersen and Bols et al. adopted the combination of
deoxygenative silylation and C—H silylation to transform L-
rhamnoside and L-fucoside, two accessible L-sugars, to L-
mannoside and L-galactoside, which are two rare L-sugars
(Scheme 14a).°® In a 2014 paper, they report the same

Scheme 14. Ir-Catalyzed Silylation of Primary C—H Bonds
to Form Glycosides after Oxidation

a 1. [Ir(cod)OMe], (0.5 mol%)
Et,SiH, (1.2 equiv), rt
OMe 2, [Ir(cod)OMe],/tmphen (2 mol%) OMe

AcO
nbe, THF, 120 °C
HO@Q# Aco\ﬁgj
O 5 8 KHCOg Hy0, 50 °C o o
)Y 4. Ac,0, Et;N )(

82%
protected L-mannoside

b
OMe 200 OMe
OMe OMe
/M asparta \/M
o 0
OH
OMe Ohe OMe

67%

protected L-galactoside
9 more examples, 33-65% yield

sequence to transform eight 6-deoxy thioglycosides to their
corresponding  L-glycopyranosyl donors.”” This work repre-
sented the first general method for the preparation of all eight
L-hexoses masked as their thioglycosyl donors primed for
glycosylation (Scheme 14b).

Our group’s method was used in 2014 by Houk and Baran et
al. during their systemic study of the ability of aliphatic C—H
oxidation to modulate the physical properties of betulin and
betulinic acid, a poorly water-soluble, but bioactive, natural
product.”’ Upon benzylation of betulinic acid, the sequence to
form the 1,3-diol was employed and was followed by
debenzylation to form C23-hydroxybetulinic acid. The diol
was modestly more soluble than betulinic acid in assays
performed in simulated intestinal fluids (Scheme 15).

Herzon et al. published an application of our laboratory’s
method in 2018 for the C—H oxidation of (+)-pleuromutilin.”*
From (+)-pleuromutilin, the protection of the C22 primary

Scheme 15. Ir-Catalyzed Silylation of Primary C—H Bonds
for the Late-Stage Oxidation of Betulinic Acid

1. BnBr, K,CO3, 60 °C
2. [Ir(cod)OMe], (1.0 mol%)
Et,SiH, (1.2 equiv), rt
OH 3. [Ir(cod)OMe], (2 mol%)
tmphen (4 mol%)
nbe, THF, 120 °C

4. KHCO3, H,05, 50 °C

betulinic acid

alcohol, hydrogenation of the C19—C20 alkene, and treatment
with chlorodimethylsilane afforded the silyl ether substrate for
the directed C—H silylation reaction. The subsequent
intramolecular C—H silylation afforded a 4:1 mixture of the
C11-C18 and CI11-Cl17 silacycles that afforded, upon
oxidation and deprotection, the C18 oxidation product in
73% yield and the C17 oxidation product in 6% yield (Scheme
16).

Scheme 16. Ir-Catalyzed Silylation of a Primary y-C—H
Bond of (+)-Pleuromutilin

OH OTBDPS

(+)-pleuromutilin

1. [Ir(cod)OMel]y/tmphen (10 mol%)
nbe, THF, 120°C

2. TBAF

3. KHCO3, H,0,, 80 °C

73%

In 2019, Maimone and co-workers conducted the
combination of dehydrogenative silylation, C—H silylation,
and C—Si oxidation to oxidize C13 of a cedrane skeleton site
selectively durin% the synthesis of the anisatinoid family of
natural products.”” A rhodium catalyst ligated by (S)-DTBM-
SegPhos was used instead of the iridium catalyst reported by
Hartwig et al. The rhodium system catalyzed the intra-
molecular silylation of a primary C—H bond directed by a
secondary alcohol to afford the 1,3-diol upon oxidation
(Scheme 17).

During their work on the total synthesis of the phomactins,
Sarpong and co-workers applied our laboratory’s silylation
conditions to transform the core cyclohexene ring into a
bicyclic structure containing an oxasilolane.”” They proposed
the oxasilolane intermediate could act as a coupling partner in
a Hiyama-type reaction to install an alkene that could be used
for further functionalization (Scheme 18). While the Ir-
catalyzed C—H silylation to form the oxasilolane was
successful, the subsequent Hiyama-coupling did not give the
desired product.

In 2021, Sun et al. reported a 24-step total synthesis of
quillaic acid that employed our laboratory’s silylation sequence
to accomplish the final oxygenation.”* The secondary alcohol
on the A ring was used to direct an intramolecular C—H
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Scheme 17. Rh-Catalyzed Silylation of a Primary y-C—H
Bond of a Precursor to the Anisatinoid Family

1. [Ir(cod)OMe]; (0.5 mol%)
Et,SiH, (1.5 equiv), rt
Hoy 2. [Rh(coe),Cl], (2 mol%) Hy
D (S)-DTBM-SegPhos (4 mol%) b
nbe, THF, 100 °C
H H
OH 3. KHCO3 H,0,, 50 °C OH

OH
19%

C13 oxidation of seco-prezinaane core
(o]

PAr,
(S)-DTBM-SegPhos = PAr, 3}_

Scheme 18. Ir-Catalyzed Silylation of Primary C—H Bonds
Used toward the Synthesis of the Phomactins

OH 1. TBSCI, NEt5 O—SiEt,
R 2. [Ir(cod)OMe], (1.0 mol%) :
/w/ Et,SiH, (1.2 equiv), rt
HO 3. [Ir(cod)OMe],/tmphen (2 mol%) 1BSO -
nbe, THF, 80 °C 80%

silylation on C23, which was then oxidized to reveal the diol in
a fashion akin to the C—H silylation and 0x1dat10n performed
on methyl oleanate in the 2012 report.”> From the diol
product, the newly installed hydroxyl group was oxidized to the
aldehyde, and the compound was debenzylated to reveal
quillaic acid (Scheme 19).

Scheme 19. Ir-Catalyzed Silylation of Primary C—H Bonds
Used toward the Synthesis of the Quillaic Acid

1. [Ir(cod)OMe], (0.5 mol%)
Et,SiH; (1.2 equiv), rt

2. [Ir(cod)OMe], (2 mol%)
tmphen (4 mol%)
nbe, THF, 120 °C

3. KHCO3, Hy05, 50 °C

quillaic acid

In 2021, Lu et al. published the combination of
diastereoselective reduction of 1-indanone and 2-indanone-
derived molecules and silylation of the resulting alcohol.”® This
method maintained the Ir-catalyzed dehydrogenative silylation
to form the silyl ether from the alcohol directing group but
employed a catalyst formed from a rhodium precursor and
Xantphos to achieve a C—H silylation to form a five-membered
oxasilolane. The oxasilolane was opened by treatment with
methyl lithium to reveal a silane or with oxidizing conditions to
reveal a 1,3-diol. The resulting silanes are related to (S)-
russujaponol and dehydrobotyrlactone, which are two
sesquiterpenoids (Scheme 20).

Sarpong et al. applied our laboratory’s silylation conditions
in the late stage to synthesize 12-hydroxylongiborneol.”’
Isolongiborneol was treated with chlorodimethyl silane to
afford the silyl ether. The intramolecular C—H silylation and
oxidation then yielded iso-12-hydroxylongiborneol, which was
epimerized to the desired stereoisomer by oxidation and

Scheme 20. Rh-Catalyzed Silylation of a Primary y-C—H
Bond for the Synthesis of Indanes

1. [Ir(cod)OMel, (0.1 mol%)

Et,SiH, (1.5 equiv), rt .

2. [Rh(cod)OMel, (2.5 mol%) JiEtMe
xantphos(5 mol%) 5
nbe, THF, 100 °C

OH -10H

3. MeLi, THF

47%
dehydrobotyrlactone-related

1. [Ir(cod)OMe], (0.1 mol%)
Et,SiH, (1.5 equiv), rt

2. [Rh(cod)OH], (2.0 mol%)

OH Xantphos (4.0 mol%) OH

nbe, THF, 100 °C

m 3. KHCO3, Hy0,, MeOH

PPh,  PPh,

O
Xantphos = O O

dissolving metal reduction (Scheme 21). The reaction does not
occur at one of the geminal dimethyl groups likely because the

63%
(S)-russujaponol F-related

Scheme 21. Ir-Catalyzed Silylation of Isolongiborneol to
Form 12-Hydroxylongiborneol

1. Me,SiHCI, NEtz

2. [Ir(cod)OMe],/tmphen (2 mol%)
nbe, THF, 120 °C

3. KHCOg3, H,0,, 50 °C (70%, 3 steps)

HO 4. DMP, DCM,
5. Li, NHg (), MeOH, THF OH

12-hydroxylongiborneol

OH

isolongiborneol

iridacycle intermediate formed by C—H cleavage at the
geminal methyl group is more strained than that formed by
C—H cleavage at the bridgehead methyl group. The iridacycle
formed at the geminal methyl group includes both the bridged
ring and the borneol ring system, while that formed at the
bridgehead methyl includes only the borneol ring system.

2.2.2. Intramolecular Silylation of Alkyl C—H Bonds:
d-Functionalization. The installation of a silane on an innate
functional group, followed by intramolecular C—H silylation,
also can lead to the silylation of alkyl C—H bonds & to the
carbon or oxygen to which the silane is attached. The
formation of silacycles by this method has been used to form
stereochemically defined polycyclic structures that contain
silicon. The oxidation of such silacycles affords 1,4-
dioxygenated products.

In one case reported by Gevorgyan et al, the silane was
installed by hydrosilylation of an alkene.”” Rh-catalyzed
hydrosilylation with chlorosilane followed by a series of
substitution reactions generated the corresponding t-
butylpicolyl(hydrido)silane. The authors propose that SiN-
chelation with the picolyl moiety enables the C—H activation
step of the catalytic cycle and that the t-butyl group stabilizes
the silane. The t-butylpicolyl(hydrido)silane then underwent
intramolecular silylation of the primary C—H bond ¢ to the
silane to form a silolane that yielded a 1,4-dioxygenated
product upon Tamao—Fleming oxidation. The synthetic utility
of this method was exemplified by reactions on camphene, 2-
methylenebornane, and a cholene derivative (Scheme 22).

Silyl ethers derived from alcohols in the substrate have also
been shown to undergo intramolecular silylation to modify
complex molecules. Akin to the method for the formation of
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Scheme 22. Hydrosilylation of Alkenes Affords Precursors
for Ir-Catalyzed 6-C—H Bond Silylation to Yield Acetyl-

Protected 1,4-Diols after Oxidation
i H =
’Bu

a 1. H,SiCl, (2 equiv)
RhCI(PPhg); (1 mol%)
xylene, 100 °C
2. BuLi, THF, -40 °C p
camphene 3. picolylithium, -78 °C \
64%

1. [Ir(cod)Cl], (5 mol%)
nbe, THF, 150 °C
H ~_ 2 TBHP, KH, TBAF, NMP, rt

%OAC
3. Ac,0, DMAP, DCM/NEts, rt OAc

s
Bu N

34%

b

as part a
OAc

2-methylenebornane OAc
34%

c

as parta
MeO"

3a-methyl-24-nor-5b-chol-22-ene

1,3-diols, a method to form 1,4-diols was reported by our
laboratory in 2018 to occur by dehydrogenative silylation of an
alcohol, followed by intramolecular C—H silylation and
oxidation.”® In this method, functionalization of the C—H
bond ¢ to the alcohol would occur by the formation of a seven-
membered metallacycle that would undergo reductive
elimination to form a six-membered oxasilolane. This reaction
occurred with a catalyst generated from Rh(Xantphos)CL
Oxidation of the oxasilolane revealed the 1,4-diol product. This
method was applied to the C—H silylation of a protected
oxysterol (Scheme 23).

Scheme 23. Ir-Catalyzed Silylation of a Primary §-C—H
Bond of a Cholesterol Derivative

, OH

1. [Ir(cod)OMe], (0.5 mol%)
Et,SiH, (1.5 equiv), rt
2. RhCl(Xantphos) (4 mol%)
nbe, THF, 100 °C

alkyl

3. TBHP, TBAF, KH, NMP
TBSO' TBSO
protected 20(S)-hydroxycholesterol 44%

Herzon et al. also observed the silylation of C—H bonds 6 to
an alcohol during studies on the late-stage functionalization of
12-epi-pleuromutilin. The reaction occurs in high yield to give
a mixture of products from functionalization of the C—H
bonds 6 and y to the hydroxyl group. These studies were
conducted with the combination of iridium and tmphen and
formed the product from silylation at the C—H methyl group 6
to the hydroxyl group but also formed the product from
functionalization ¥ to the hydroxyl group as the major product.
(Scheme 24).”" The product from silylation at the C—H bond
7 to the hydroxyl group is favored because of the formation of a
six-membered iridacycle from C—H activation.

Aryl silanes also undergo intramolecular silylation of alkyl
C—H bonds. In 2017, our laboratory reported the
enantioselective, Ir-catalyzed silylation of methyl C—H bonds

Scheme 24. Ir-Catalyzed Silylation of a Primary §-C—H
Bond of (+)-Pleuromutilin

OH OTBDPS

(+)-pleuromutilin

1. [Ir(cod)OMe],/tmphen (10 mol%)
nbe, THF, 120°C

2. KHCO3, H,0,, TBAF, 80 °C

3. TBAF

OH

81% 5%

0 to an aryl silane with a tetrahydroquinoline-fused oxazoline
ligand.”” The intramolecular C—H activation step to form a
six-membered iridicycle was shown to be rate-limiting.
Reductive elimination from such an iridicycle would be
expected to form the silolane product. This enantioselective
silylation was applied to the functionalization of dehydroabietic
acid, which demonstrates the potential of late-stage C—H
silylation to control stereoselectivity during the diversification
of complex molecules (Scheme 25).

Scheme 28. Ir-Catalyzed Silylation of a Primary C—H Bond
0 to an Aryl Hydrosilane

[Ir(cod)OMe]y/L (4 mol%)

nbe, Et,0, 50 °C

MeO—
~\
(0]
dehydroabietic acid 78%, 94:6 dr
derivative L=
‘ X
N/ 0

Silylations of alky]l C—H bonds also can generate a
stereogenic center at silicon. Such methods are valuable
because of the broad application of organosilanes in synthetic
and materials chemistry. In 2020, the combination of
hydrosilylation of an alkene and enantioselective C—H
silylation was reported by He et al. to generate molecules
with a stereogenic center at silicon.*” The authors showed that
the combination of [Rh(cod)Cl], and a JosiPhos-type ligand
catalyzed enantioselective, intramolecular silylations of methyl
C—H bonds in dimethylsilanes. The resulting monohydrosi-
lane was trapped in one pot by an alkene in a stereospecific
fashion to generate chiral, enantioenriched, tetrasubstituted
dihydrobenzosiloles. To demonstrate the use of this method
on complex scaffolds, the reactions were conducted on
substrates containing an array of alkenes tethered to multi-
functional compounds (Scheme 26).

2.2.3. Intramolecular Silylation of Alkyl C—H Bonds:
PB-Functionalization. The synthesis of 1,3- and 1,4-diols by a
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Scheme 26. Rh-Catalyzed Silylation of a Primary C—H
Bond § to an Aryl Hydrosilane and Hydrosilylation to Form
Silicon-Stereogenic Dihydrobenzosiloles

L=
R! R? R1

[Rh(cod)Cl], (2 mol%) R
L (4 mol%) Ph PQ\‘ _PBup
+ gt — N 2" Fe -
SiH,R3 DCE, 100 °C Si o Me

R3
o
/7; MeO /7\‘ *ph
0 \ o o
0 N M
MeO" Q\O Q 0 O‘O fo)
o~{\

65%, 93% de
from D-ribofuranoside

54%, 95% de
from diacetonefructose

53%, 93% ee
from pitavastatin fragment

e

78%, 91% de
from estradiol

82%, 91% de
from dihydrocholesterol

sequence of silylation of an alcohol or ketone, intramolecular
C—H silylation, and oxidation is accomplished by the
formation of a five-membered or six-membered oxasilolane.
The site-selective formation of 1,2-diols by a similar sequence
would be equally valuable, but formation of the requisite four-
membered oxasilolane is disfavored because of ring strain.
Nevertheless, methods have been developed to form 1,2-diols
by intramolecular silylation of a C—H bond f to a directing
group. Such methods occur with an alcohol or amine on the
substrate and a linker of appropriate length to form the
requisite cyclic oxasilolane without high ring strain.

Our laboratory published a method of this type in 2018 that
leveraged an inherent alcohol as the directing group.®’ To
avoid the four-membered oxasilolane intermediate, the alcohol
was transformed to a perfluoroalkyl ester, which subsequently
underwent hydrosilylation. The resulting silyl ether was
transformed to a six-membered oxasilolane by an iridum-
catalyzed, intramolecular silylation of the S-C—H bond.
Subsequent oxidation revealed the desired 1,2-diol product.
This method was applied to the selective oxidation of an array
of complex molecules (Scheme 27).

Our laboratory also reported an intramolecular silylation of
alkyl C—H bonds f to aliphatic amines to form 1,2-amino
alcohols.*” In this method, the four-membered silolane was
circumvented by linking a hydrosilyl group to the nitrogen of
the amine by a methylene group. Such a linker was installed by
alkylation of the amine with a chlormethylsilane. From the
hydrosilane, an iridium-catalyzed, -selective silylation of a C—
H bond formed the five-membered silapyrrolidine, which was

Scheme 27. Ir-Catalyzed Silylation of Primary C—H Bonds
to Afford 1,2-Diols after Tamao—Fleming Oxidation

1. [Ir(cod)OMe], (1 mol%)

Rt ’ i R H>0
Et,SiH, (4 equiv), f 222
60 °C PN KHCO,

(O] KF

O OH
H 2. [Ir(cod)OMe], (2 mol%) SiEt, OH
tmphen (4 mol%) R‘jz\/ M%OH R1R2
0 60°C
- .~ _nbe, THF, 100 °C
if R' = H, Rf = "C,F 15

If R" # H. Ry = CF3

=
OH OH
OH &WOH m/
A \):OH

48% 54% 36%

R‘R2

25% 21%

oxidized to give a 1,2-amino alcohol. This method was applied
to the late-stage oxidation of methoxy-protected propranolol, a
commonly prescribed beta-blocker (Scheme 28).

Scheme 28. Ir-Catalyzed Silylation of C—H Bonds § to an

Amine
1. [Ir(cod)OMe], (4 mol%) HO
SiMeoH tmphen (8 mol%)
/I\ J nbe, THF, 100 °C Boc
N 2. TBHP, CSOH-H,0 TBAF, N’
THF, 1t
o o
OMe 3. Boc;0, NEts, DMAP OMe

777777777777777777777 | 48%

,,,,,,,,,,,,,,,,,,,,,,

2.2.4. Intermolecular Silylation of Alkyl C—H Bonds.
Intermolecular silylations of alkyl C—H bonds on complex
molecules are less developed than intramolecular silylations.
The published examples of intermolecular silylations of alkyl
C—H bonds on complex molecules are catalyzed by palladium
complexes and are assisted by a functional group appended to
the substrate that enables two-point binding of the substrate to
the catalyst. This reaction type has been used primarily for the
formation of silicon-containing amino acids because the
incorporation of silicon has the potential to modify the
properties of amino acids.

For example, two methods employing this general strategy
were published concurrently in 2016 by the Zhang and Shi
groups with Pd(OAc), as catalyst, HMDS as the silyl source,
and 8-aminoquinoline as the auxiliary directing group.*>**
Both authors propose the auxiliary-bound substrate binds to
the palladium center as an LX-type ligand. The two-point
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binding facilitates the C—H activation step of the catalytic
cycle. Zhang et al. applied this method to synthesize six f-silyl-
a-amino acids (Scheme 29a). Shi et al. reported the silylation

Scheme 29. Pd-Catalyzed Silylation of Primary and
Secondary C—H Bonds of Phthalimide (NPhth)-Protected
a-Amino Acids Using a Quinoline Auxillary

Me;Si-SiMe; (10 equiv)

Pd(OAc), (10 mol%)
0 H BQ (4 equiv)

Q=

o TMS
4AMs
QHNMR - N
Z = NS
NPhth DMA, 110 °C NPhth

QHNJ\/'\R k \

6 examples (32-88%)
(d.r. 5:1-15:1)

Me;Si-SiMe; (5.0 equiv)
H O Pd(OAc), (15 mol%) ™S O
DMBAQ (1.5 equiv) R

R NHQ
NPhth

R NHQ

Ag,CO;3 (0.5 equiv) NPhth

1-4 dioxane, 125 °C

R = Ph: 70%, d.r. >20:1
R =H: 81%, 98% ee

10 other examples (36-75%)
(d.r. 3:1-20:1)

Me;Si-SiMe; (5.0 equiv)

H O Pd(OAc), (10 mol%) TMS O
(S)-BINA-PO,H (30 mol%) R
R NHQ - R NHQ
NPhth Ag,CO3, NaHCO;, LIOAc NPhth

toluene, 125 °C

(S)-BINA-POLH =

of alanine, phenylalanine, and 10 other derivatized amino acids
(Scheme 29b). In addition, Shi synthesized silylated derivatives
of (—)-santonin and cholic acid by a closely related method
with BINA-PO,H as ligand (Scheme 29¢).

In 2019, Shi et al. used the same general strategy to access y-
silyl-a-amino acids and silylated peptides with picolinoamide
as the auxiliary instead of 8-aminoquinoline.”> Only slight
modifications to the oxidant were needed to achieve the
silylation of varied substrate types. The authors reported 13
examples of the silylation of a-amino acids and a-amino
alcohols (Scheme 30a), 15 examples of the silylation of
dipeptides (Scheme 30b), and 10 examples of the silylation of
tri- and tetrapeptides (Scheme 30c). That work contains the
first applications of the silylation of C—H bonds to the late-
stage modification of peptides.

The functional group that binds to the catalyst and allows
the installation of the auxiliary is not limited to amines and
amides. In 2021, Jiang and Li reported a directed, intra-
molecular C—H silylation of a substrate containing an
aminooxyamide auxiliary.*® From the ketone, an oxime linked
by a methylene to a N-fluoroaryl amide is installed. The
auxiliary is proposed to engage in two-point binding with the
catalyst to enable the C—H activation. This method was
applied to the late-stage silylation of santonin (Scheme 31).

Scheme 30. Pd-Catalyzed Silylation of Primary and
Secondary C—H Bonds of a-Amino-Acids Using a
Quinoline Auxillary

a Me;3Si-SiMeg (3.0 equiv)

NHPA Pd(OAc), (10 mol%) NHPA

Rl _~ dichlone (0.2 equiv) 1
\CCOZRZ RN "coR?
Ag,COs, KHF,
o DCE, 100 °C ™S
PA = picolinamide 13 examples (37-88%)

Me3Si-SiMe; (5.0 equiv)
NHPA Pd(OAc), (10 mol%) NHPA

R 2,6-DiCIBQ (0.2 equiv
\(\AA ©2eam R Aaa
Ag,CO3, Na,CO5
H toluene, 120 °C T™S
15 exmples (30-69%)

Me3Si-SiMe; (5.0 equiv)

. NHPA Pd(OAc), (15 mol) NHPA
\(\AA—AA--A 2-CINQ (0.3 equiv) R\(\AA—AA--AA
H Ag,CO3, NaHCO4 ™S

toluene, 120 °C
10 examples (25-65%)

Scheme 31. Pd-Catalyzed Silylation of Santonin Using an
Aminooxyamide Auxilary

Me3Si-SiMe; (2.5 equiv)
Pd(OAc), (10 mol%)
Cu(OAc),°H,0 (20 mol%) DG\N/

AgTFA, Li,COq

toluene, 110 °C ™S

from santonin

3. TRANSITION-METAL-CATALYZED BORYLATION
OF C—H BONDS IN COMPLEX MOLECULES

While many aryl and alkyl silanes are produced on large scales,
making silane reagents inexpensive, analogous boranes undergo
a wider range of reactions or undergo these reactions under
milder conditions. The use of common reagents, such as
HBpin and B,pin,, for the borylation of C—H bonds and the
capability of borylated products to undergo some of the
reactions most used by synthetic chemists, such as Suzuki
couplings, oxidations, and halogenations, has made the
borylation of C—H bonds one of the most valuable C—H
functionalization reactions.

Among methods for the borylation of C—H bonds, methods
for the borylation of aryl C—H bonds are well established.
Those for the borylation of alkyl C—H bonds are evolving,
Catalytic systems for the borylation of aryl C—H bonds are
highly selective and form aryl and heteroaryl boronates under
mild conditions with limiting substrate.

The undirected borylation of the C—H bonds in arenes
occurs with regioselectivity controlled by steric factors. For
example, 1,3-disubstituted and 1,2,3-trisubstituted arenes
undergo selective borylation at the S-position. For heteroaryl
substrates, steric factors are important, but the electronic
properties of the heteroarenes can sometimes override the
steric preference for the activation of one C—H bond over
another or distinguish between reactivity at sterically similar
C—H bonds. Guidelines for predicting the selectivity of
undirected C—H borylation reactions on heteroarenes are
presented in a 2014 paper from our laboratory.”’ Methods for
the undirected borylation of aryl C—H bonds have been
developed that occur with selectivities that are different from
those mentioned above. Such methods achieve complementary
selectivity with ligands that can interact with functional groups
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on the substrate. Additionally, directed methods for the
borylation of aryl C—H bonds have been developed to control
regioselectivity. All such methods that have been applied to
borylation of complex molecules will be reviewed in this
section.

It was not until recently that new catalysts were developed
with the potential to achieve the borylation of alkyl C—H
bonds with the selectivities and mild reaction conditions
developed for aryl C—H bonds. The selectivity of such
methods was explained in the Introduction of this Review.

Because of the characteristics of this C—H functionalization
strategy, the selective introduction of a C—B bond into a highly
functionalized molecule constitutes a powerful strategy to
access products that circumvents de novo syntheses often
required to access derivatives of complex molecules with minor
modifications. Therefore, C—H borylation methods are
valuable for the functionalization of complex molecules in
drug discovery and natural product synthesis in the early, mid,
and late stage, as well as for the functionalization of organic
materials and ligand scaffolds. The application of C—H
borylation in all these contexts is reviewed in this section.

3.1. Transition-Metal-Catalyzed Borylation of C—H Bonds
in Precursors to Bioactive Molecules

As noted in the introduction, the borylation of C—H bonds
catalyzed by transition metal catalysts occur with high
functional group tolerance and with selectivities that can be
determined by steric effects or by specific functional groups
that direct the transition metal to the site of borylation. Access
to these borylated products under mild conditions has spurred
the development of synthetic methodologies for the trans-
formation of boronic ester products in a telescoped manner to
those containing many functional groups. Taken together,
these methods provide a powerful approach to the synthesis of
highly decorated building blocks. This section reviews the
application of this approach in synthetic campaigns toward
biologically active molecules. The examples in this section are
subdivided by the reaction that derivatizes the organoboron
product of C—H bond functionalization.

3.1.1. Formation of C—C Bonds in Precursors to
Bioactive Molecules Enabled by the Borylation of C—H
Bonds. The capability of boronic esters and boronic acids to
participate in C—C bond-forming reactions, such as Suzuki—
Miyaura couplings,””*® makes the borylation of C—H bonds a
particularly powerful way to disconnect complex molecules. In
one of the earliest examples, Gaunt et al. synthesized
rhazinicine by a borylation cross—cou}?hng sequence of the
appropriate pyrrole (Scheme 32)." Under microwave
irradiation, the combination of [Ir(cod)Cl], and dtbpy
catalyzed the borylation of the 3-position of N-Boc-2-
trimethylsilylpyrrole. The 3-borylpyrrole product was immedi-

Scheme 32. Borylation and Subsequent Cross-Coupling of
N-Boc-2-trimethylsilylpyrrole en route to Rhazinicine

Arl = |
NO,
1. [I(COD)Cl], (2 mol%)
dtbpy (4 mol%), B,pin, (1 equiv.) HN
ﬂ n-CgH14, pw 100 °C /
TMS™ 2 Pd(OAC), 2 mol%)  TMS™
Boc S-Phos (4 mol%) Boc
aq K3POy, Arl
nBUOH, 100 °C 78%

rhazinicine

ately engaged in a Suzuki—Miyaura cross-coupling reaction.
Neier et al. later used a similar strategy for the synthesis of
rhazinilam analogues.”

In 2008, Miyaura et al. disclosed that the combination of
dtbpy and iridium catalyzes the borylation of vinyl C—H bonds
without deleterious hydroboration of the olefin. The tele-
scoped borylation cross-coupling sequence of enol ethers was
applied to the synthesis of key fragments of forskolin and
vineomycine B2 methyl ester (Scheme 33).”'

Scheme 33. Synthesis of Forskolin and Vineomycine B2
Methyl Ester Enabled by the Borylation of Vinyl C—H
Bonds

(1 equiv.)
OoTf
0. [Ir(cod)(OMe)], (1.8 mol%)
‘ dtbpy (3.6 mol%)
0 PdCl,(dppf) (3 mol%)
(2.4 equiv.) KsPO,
+ Bopin, (1.2
equiv.)
""" orss [rcod)OMe), (1.4 mol%)
dtbpy (2.2 mol%) .
i .oTas _B2Pinz (0.72 equiv.) Arl (1 equiv.) C OMOM OTBS
o PdCl,(PPhg), (3 mol%)
K3PO, MOMO 4 OTBS
(o]

(2.2 equiv.)
83%

+OH Arl = CO OMOM
woud ¢

Sarpong et al. reported a synthesis of complanadine A that
exploited the innate symmetry of the molecule. Complanadine
A was recognized to be an unsymmetrical dimer of lycodine.
Borylation of the pyridine ring of N-Boc lycodine, subsequent
dimerization with the lycodine triflate, and global deprotection
afforded the desired natural product. Lycopladine F and
lycopladine G were also synthesized from the same 3-
borylpyridine intermediate (Scheme 34).”

vineomycine B2 methyl ester

Scheme 34. meta-Selective Borylation of Lycodine for the
Preparation of the Key Intermediate in the Synthesis of
Complanadine A, Lycopladine F, and Lycopladine G

[Ir(cod)OMe], (4 mol%)
dtbpy (8 mol%)
B,pin, (0.75 equiv.)

-

. PdCl,(dppf) (12.5 mol%)
K3PO, (3.75 equiv.)
2. 6N HCI Ho

complanadine A

lycopladine F
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Unprotected indoles lacking a 2-substituent typically react to
form 2-boryl indoles. In 2010, our laboratory reported a
procedure for the silyl-directed borylation of indoles leading to
7-borylated indoles. Indole was allowed to react with
dimethylchlorosilane to install a silylamine directing group.
Under iridium catalysis, the silane Si—H oxidatively adds to the
iridium center and the 7-C—H bond is cleaved to form a five-
membered metallacycle, which leads to the observed site
selectivity. This method was used to create a one-pot
silylation—borylation cross-coupling sequence to synthesize
hippadine in good yield (Scheme 35).”

Scheme 335. Silyl-Directed 7-Borylation of Indoles in the
Synthesis of Hippadine

putative iridacycle

1. EtgN, Me,SiHCI N
2. [Ir(cod)ClJ, (0.25 mol%) N
dtbpy (0.5 mol%) 11— Si—
B,pin, (1 equiv.) O i N
HBpin (5 mol%) 7~ "N — o

@ 3. Pd(dba), (5 mol%) Br OMe
N PPhs (20 mol%), o
H ArBr (1.1 equiv.) | ABr=
KsPO, o}
48%
hippadine O\/O

In 2010, our laboratory developed copper-mediated
conditions for a telescoped borylation—cyanation sequence
that enabled the formal C—H cyanation of arenes with zinc
cyanide. This method was applied to the synthesis of a key

benzonitrile intermediate en route to etravirine (Scheme 36).94

Scheme 36. Formal Cyanation of Aryl C—H Bonds Applied
to the Synthesis of Etravirine

NH,
N/ Br
OMOM OMOM
1. [Ir(cod)(OMe)], (1.5 mol%)
dtbpy (3.0 mol%)
2. Cu(NOg), .H,0 (2 equiv.)
. Zn(CN), (3 equw)
+Bapin, CsF (1 equiv.)

58%
etravirine

Scheme 37. Silyl-Directed ortho-Borylation of Phenols in
the Synthesis of Defucogilvocarcin M
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Scheme 38. Synthesis of Trigonoliimine A and B via the 2-
Selective Borylation of Tryptamine Derivatives
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In 2014, Hosoya et al. developed a route to defucogilvo-
carcin M that utilizes silyl-directed ortho-borylation of phenols
extensively (Scheme 37). Monobenzylcatechol was silylated
and ortho-borylated to afford an ortho-boryl phenol. The
phenol was converted to the corresponding triflate. Addition of
s-BuLi induced benzyne formation, which in turn was trapped
in a [4 + 2] cycloaddition with 2-methoxyfuran, to afford
fragment L. The other half of the molecule was also constructed
via silyl-directed ortho-borylation of creosol. The creosol
boronic ester was converted to the corresponding Bdan
triflate. Suzuki coupling of the two fragments followed by
carbonylation of the boronic acid and ﬁnally global
deprotection afforded the desired natural product.”

Movassaghi et al. reported that the combination of
[Ir(cod)OMe], and dtbpy catalyzes the 2-selective borylation
of tryptamine with HBpin. The coupling of the 2-borylindole
product and a 2-iodoindole in the presence of Xphos-Pd-G3
and silver phosphate afforded 2,2'-bisindole precursors en
route to the synthesis of trigonoliimine A and B (Scheme
38).%°

Movassaghi et al. again utilized the selective 2-borylation of
tryptamine to synthesize 2,5’-bisindole precursors that enabled
cyclizations to form bisindole alkaloids (Scheme 39).%”

Koert et al. reported the synthesis of pestaphthalide A and B
by the borylation of a dimethoxyarene to provide the precursor
to cross-coupling with a vinyl bromide. A short sequence
comprising a Jacobsen epoxidation of the olefin and stereo-

Scheme 39. Synthesis of 2,5'-Bisindoles from the Cross-
Coupling of 5-Bromoindoles and 2-Borylindole

Br
I O Q
HoN
NPhth N 2
H HN_ NPhth  HN_
OMe
\_ gy ————— TBSO . HO
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H K3PO, N N
H H
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divergent epoxide opening afforded the two natural products
(Scheme 40).”®

Scheme 40. Synthesis of Pestaphthalide A and B via the
meta-Selective Borylation of a Dimethyoxyarene

\_/Br
oM . .
e Bopin, (1 equiv.) OMe (3 equiv.) OMe
[Ir(cod)OMe], (0.79 mol%) Pd(PPhg), (5 mol%)
_dtbpy (1.5 mol%), octane K2COs (25 equiv.)
MeO MeO Bpin MeO |
93%
OH 0 OH o 91%
Me
E— 0 o
HO HO
HO' HO™

pestaphthalide A pestaphthalide B

Koert et al. applied a borylation cross-coupling sequence to
the synthesis of the proposed structure of fulicinerine and
fulicineroside (Scheme 41). Comparison of the spectral data

Scheme 41. Borylation Cross-Coupling Enabled the
Structural Reassignment of Fulicinerine

O,
AcO O 1. [Ir(cod)(OMe)], (5 mol%) ACO O F’MBO\/\(

dtbpy (10 mol%) (1 equiv.)
O O Q O TMSCI (3 equiv.)

szlnz (1 equiv.)
2. KHF, Sequw)
Pd(PPhg),4 (5 mol%)

AcO OAc AcO OAc Cs,CO;3 (3 equiv.)
97%
0]
PMBO AcO O
O
AcO OAc

70%

Ho A7 o
0.
HO2 Q
A g
proposed structure of fulicinerine OH

obtained from the synthetic material to that of the isolated
natural product suggested a structural misassignment in the
original isolation report.”

In 2012, Lassaletta et al. developed a hemilabile
hydrazonepyridine ligand for the ortho-selective borylation of
aryl hydrazones. The boronic ester products underwent cross-
coupling to afford precursors to sartan drugs (Scheme 42).'"

Filipski and co-workers at Pfizer endeavored to conduct
donor—acceptor replacement of a heteroarylamide with a series

Scheme 42. Synthesis of Sartan Drugs via the ortho-Selective
Borylation of Aryl Hydrazones

NMe> NMe,
N 1. Ligand (2 mol%) N CHO Ligand = O—\
X gand (( ) N& O N-NBn,

[Ir(OMe)(cod)], (1 mol%)
_OH
_ o
MMPP = Mg ©¢ e

HBpin (1.4 equiv.)
2. 4-Br-benzaldehyde O
NMez N=N

(1.5 equiv.)
N CHO 1.NaBH, CN
X O 2. MMPP.6H,0

K3PO4 (1.5 equiv.)

PdCl,(dppf) (3 mol%) 70%

Sartan drugs

of heteroaryl groups as part of a glucokinase-activator
discovery campaign. The pyrimidone derivative was synthe-
sized by the elaboration of a dialkoxyarene using a borylation
cross-coupling sequence (Scheme 43).""'

Scheme 43. Borylation Cross-Coupling Enables the
Synthesis of Glucokinase Activators

< Q)L Yogm,
Tl RO

R\ N

donor-acceptor
replacement

o fohe)
B
o [Ir(COD)(OMe)], o Bpm \r HAO
.
MTBE, 100 °C o
OTBDMS OTBDMS \©\
quantitative S’Me

In 2014, Colacot et al. reported a phenanthroline-ligated
precatalyst for the borylation of arenes. With this precatalyst,
they conducted the borylation of N-Boc indole selectively at
the 3-position and cross-coupled the product to an amino-
pyrazine in a concise synthesis of meridianin G (Scheme
44).' The 3-selectivity arises from steric factors and is
precedented by the borylation of N-Boc indoles with more
typical catalyst precursors.'”

Scheme 44. Borylation Cross-Coupling in the Synthesis of
Meridianin G

NH,
N JQ N J N»/ NH,
i A N
IrCl(cod)phen (0.5 mol%) Bpin cl
@ Bapin, (1 equiv.) (:L/\g (1 equiv) Q
N octane N dibpfPdCl, (1 mol%) N
Boc Boc ©52C0s (2.5 equiv) Boc
meridianin G

87% over 2 steps

In 2014, Stoltz et al. reported the total synthesis of
dichroanone and taiwaniaquinone, during which a bromoarene
was borylated at a C—H bond to afford a key boronic acid.
Engagement of this boronic acid with a palladium catalyst
containing a chiral PyOx ligand resulted in enantioselective
conjugate addition to a cyclohexenone (Scheme 45).'%*

Gaunt et al. reported a synthesis of dictyodendrin B that
included six direct functionalizations of the initial 4-bromo
indole. Of the six functionalizations, five were functionaliza-
tions of C—H bonds. Notably, formal C—H arylation of the C-
7 position was achieved via a borylation cross-coupling
sequence (Scheme 46)."'%

In 2017, Kanai et al. reported that catalysts formed from
bipyridine ligands containing a boryl substituent catalyze the
borylation of thioanisoles with high ortho-selectivity. The
selectivity was presumed to arise from attractive interactions
between the Lewis basic sulfide and the Lewis acidic boryl
substituent on the ligand. This borylation was applied to the
synthesis of an intermediate in the preparation of a factor Xa
inhibitor (Scheme 47).'%

In 2017, Kuninobu et al. reported that catalysts formed from
bipyridine ligands containing a trifluorotolyl substituent
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Scheme 4S5. Borylation Conjugate Addition in the Synthesis
of Taiwaniaquinone H and Dichroanone

o
1) [Ir(COD)(OMe)]»
tmphen, B,pin,
) Br _ 2) diethanolamine Br
PivO. OPiv "3)0.1 MHCI _ PivO OPiv
Pd(OCOCFg),
(S)-BuPyOx
B(OH), NH,PFe
78%
(0]
" OPiv
—_—
Br
(0]
OPiv OR

R = Me (+)-taiwaniaquinone H
R=H (+

98%, >99% ee (+)-dichroanone

Scheme 46. Borylation Cross-Coupling in the Synthesis of
Dictyodendrin B

MeO
1. dtbpy (3.0 mol%)

Br [Ir(cod)Cl]; (1.5 mol%)
MeO O B,pin, (1.5 equiv.) M
O 295% by LCMS

/ 2. PACly(dppf) (5 mol%)
N 4-iodoanisole (3 equiv.)
H 3 M KOH

(0]

OH
dictyodendrin B

Scheme 47. ortho-Selective Borylation of Thioanisoles
Enable the Synthesis of a Factor Xa Inhibitor

Br.
m
H

Ligand (6 mol%) (1 equiv.)

6o
sy [I(cod)OMel, (3 mo%) pin ute PAPPR (15 moi%)
@/ € Bypin, (0.5 equiv.) ©/ € Na,COj (5 equiv.)

72% (>30:1 rr)

! SMe
O N
H

68%
factor Xa inhibitor

catalyze the borylation of methylthiomethyl ethers with ortho-
selectivity. The protecting group was then cleaved under
reductive conditions to reveal a methyl ether. This borylation
process was used as part of the synthesis of a calcium receptor
modulator (Scheme 48).""”

Chirik et al. has developed a variety of cobalt complexes that
catalyze the borylation of aryl C—H bonds. In 2017, this group
reported the PCP-ligated cobalt catalyst shown in Scheme 49
for the selective ortho-borylation of fluoroarenes. The observed

Scheme 48. ortho-Selective Borylation of Methylthiomethyl
Ethers in the Synthesis of a Calcium Receptor Moderator

Br
m
N

O._SMe O._SM
/©/ Y04 BUNH, (4 equiv.) ~-oMe “ equw‘)\
OHC 2. Ligand (6 mol%) g Bpin Pd(PPhg), (15 mol%
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NHZ
1.
O.__SMe OMe
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OHC A TsOH (0.5 mol%)
MgS 4
N " aBHgTHE
85% 80%
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Scheme 49. Cobalt-Catalyzed ortho-Borylation of
Fluoroarenes Applied to the Synthesis of Flurbiprofen

OMe 1. PhBr (1.1 equiv.)
[Co] (5 mol%) Pd (dppf)Cl, (5 mol%)
szmz equiv.) K2003 (4 equiv.)
2. NaOH (5 equiv.)

Bpin
81:19 0:m 71%
72% flurbiprofen
H
‘ PiPr,

[Co] =
Bpm

ortho-selectivity was attributed to the enhanced sensitivity of a
first-row metal to electronic factors overriding the greater steric
sensitivity typical of the precious metal catalysts. Cross-
coupling of the boronic ester rproduct was conducted as part of
the synthesis of flurbiprofen.

Han et al. reported the synthesis of (—)-hamigeran B and
(—)-4-bromohamigeran B, during which a 3-methylanisole was
borylated selectively and cross-coupled to a vinyl triflate to
afford the key intermediate. Subsequent oxidation and
Friedel—Crafts cyclization afforded the core of the molecule
(Scheme 50).'”

In 2022, Xu et al. reported a chiral boryl ligand that binds to
iridium and generates a catalyst for the enantioselective

Scheme 50. Borylation Cross-Coupling en route to
Hamigeran B and 4-Bromohamigeran B

OoTf

MeQ B,pin, (1.5 equiv.) MeQ

i-Pr
bpy (3 mol%) (2 equiv.)
[Ir(cod)Cl], (1.5 mol%) Bpin  [Pd] (5 mol%)
R dppf (2.5 mol%) ’
K3PO, (3 equiv.)

65%

72% (15:1 double bond rr)

Pr  Br Pr  Br

hamigeran B 4-bromohamigeran B
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borylation of aminocyclopropanes. The chiral borylpyridine
ligand is presumed to bind to iridium in an LX fashion, thereby
imparting a chiral environment, while maintaining an open
coordination site available to interact with directing groups.
This reaction was applied to the synthesis of a nematicide
candidate (Scheme 51).'"°

Scheme 51. Enantioselective Borylation of
Aminocyclopropanes Enables the Synthesis of a Nematicide
Candidate

CBL (2 mol%)
0 [Ir(cod)Cll, (1 mol%) o ¢}

Bopin, (1.1 equiv.) -

NH ————= Y N H — HN_ H
A o A

Bpin

o

84%, 96% ee
Ph, |
Ph r
[ NyNgN
CBL = —N é'M
[
Ph

Mascarenas et al. reported that the combination of iridium
with a 3-trifluoromethylbipyridine ligand forms a catalyst for
the borylation of aryl amides with exclusive ortho- selectivity.
The selectivity is understood to arise from noncovalent
interactions between the amide functionality and the
trifluoromethyl-substituted ring of the bipyridine. This reaction
was applied to a concise synthesis of a fungicide by a
borylation and cross-coupling sequence (Scheme 52).'"!

nematicide candidate

proposed
catalytic species

Scheme 52. ortho-Selective Borylation of Amides in the
Synthesis of a Fungicide

OMe
MeO
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48%
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3.1.2. Transition-Metal-Catalyzed Borylation of C—H
Bonds in the Synthesis of Precursors to Bioactive
Molecules through Oxidation of the Boronic Ester to
the Corresponding Alcohol. The oxidation of boronic
esters is one of the oldest transformations of boronic esters.
The combination of a meta-selective borylation followed by
oxidation to the alcohol can be considered a formal meta-
selective oxidation of arenes.

In 2014, Peat and co-workers from GlaxoSmithKline applied
a borylation—oxidation sequence to the synthesis of hepatitis C
replication inhibitors (Scheme 53).''* The resulting phenol
was converted to the triflate and coupled to a cyclopropyl
boronic acid to form the pyrazolo[1,5-a]pyridine substituted at
the S-position.

Scheme 53. Formal Oxidation of Aryl C—H Bonds via
Borylation—Oxidation Applied to the Synthesis of Hepatitis
C Replication Inhibitors

CF3
-N o]
-z
CFs 1. dtbpy (6 mol%) CF, N
" lincod)OMel, @ moios) L =~ N
_ ‘ r . [
N~ COMe Bopin, (1 equiv.) N7\ CoH cl &O
X N N

2. HyO, (4.7 equiv) HO

v, H
3°NaOH hepatitus C ’
CO,Me COH replication inhibitor
89%

Campeau and co-workers at Merck reported the synthesis of
doravirine by the combination of borylation and oxidation. To
deliver the necessary chloroiodophenol intermediate on a 75
kg scale, a borylation—oxidation sequence was developed. 2,2'-
Bipyridine was chosen as an economical replacement for the
more expensive dtbpy ligand for the borylation. The 3-chloro-
S-iodophenol intermediate was then further coupled with
cyanide, and the resulting benzonitrile was used in an SyAr
reaction to afford doravirine (Scheme 54a).'"” In Baran et al.’s

Scheme 54. Formal Oxidation of Aryl C—H Bonds through
Borylation—Oxidation Enabled a Synthesis of Doravirine on
100 kg Scale and the Total Synthesis of Verruculogen and
Fumitrimorgin A

Cl
a
F N
1.bpy (2 mol%) ‘ N
Cl | [Ir(cod)OMel, (0.5 mol%) Cl I Z
\©/ B,pin, (1.5 equiv.) FsC
—_—
2. Oxone (0.75 equiv.) K,CO4
OH
94%

N — doravirine
bpy = \
—N
b
1. [Ir(cod)OMel, (5 mol%)
1,10-phenanthroline
CO,Me (10 mol%) CO,Me
HBpin (25 mol%) 5
Bopin, (4.0 equiv.
\ NHBoc 2PIN2 MeO—2 \ NHBoc
N 2. Cu(OAc),, MeOH, O, N
TIPS TIPS
65%, 6:5 = 8:1
> i.| R =H, verruculogen

R = prenyl, fumitremorgin A

synthesis of verruculogen and fumitremorgin A, a key 6-
methoxyindole intermediate was synthesized by the 6-selective
borylation of an N-triisopropylsilyl (TIPS)tryptophan, with the
N-TIPS protecting group shielding the 2- and 7- positions
from undergoing borylation (Scheme 54b). 289

3.1.3. Transition-Metal-Catalyzed Borylation of C—H
Bonds in the Synthesis of Precursors to Bioactive
Molecules through the Corresponding Halide or
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Pseudohalide. In 2007, our laboratory developed copper-
mediated conditions that transformed aryl boronic esters into
the corresponding halide. The reaction sequence has been
telescoped into a one-pot, two-step sequence that provides a
method for the halogenation of arenes with selectivities distinct
from those of electrophilic aromatic substitution, often leading
to selective halogenation at the meta-position of an arene or
heteroarene. For example, the meta-selective borylation of
nicotine, followed by oxidative bromination, afforded S-
bromonicotine, which is an intermediate en route to the

synthesis of altinicline (Scheme 55).11

Scheme 55. Borylation—Bromination of the Pyridine
Intermediate en route to Altinicline

1. dtbpy (6 mol%)

R
N N [Ir(cod)(OMe)], (3 mol%) Br N A N ‘N
| J | 2CuBr@35equiv) LV i sow L) A
N N 2 steps N
+ Bopin, 61% altinicline

Koert et al. used the meta-selective borylation followed by
chlorination to synthesize the key chloride intermediate in a
synthesis of poipuol. Notably, a tetrasubstituted olefin was
tolerated in this sequence (Scheme 56).'1°

Scheme 56. Formal Chlorination of Aryl C—H Bonds by the
Combination of Borylation and Chlorination in the
Synthesis of Poipuol

1. dtbpy (1.5 mol%)

Cl [ir(cod)(OMe)], (0.75 mol% ) OMe Cl\_Cl
__ Bopiny (T equiv) BBr |
2, CuCI2 (10 equiv.) Pr
OH

79% 83%
poipuol

In 2011, our laboratory reported a synthesis of taiwaniaqui-
none H and taiwaniaquinone B that included this sequence. Ir-
Catalyzed, meta-selective borylation of a 1,2,3-trisubstituted
arene followed by conversion of the boronic ester to the
bromide afforded a densely functionalized bromoarene. The
bromo-arene was a suitable substrate for the Pd-catalyzed,
enantio-selective a-arylation of a 2-methylcyclohexenone
derivative to set a quaternary stereocenter (Scheme 57).290

Hirama et al. used this sequence for the synthesis of
complanadine A and B. Similar to the approach of Sarpong et
al., Hirama’s group included disconnection of the molecules
into two lycodine fragments. Selective borylation of the 3-
position of the pyridine was achieved in the presence of dtbpy
and [Ir(cod)OMe], to generate the desired 3-borylpyridine
intermediate. In contrast to Sarpong et al.’s approach, the 3-
borylpyridine was transformed to the corresponding bromide
and engaged in a palladium-catalyzed arylation of a pyridine
oxide (Scheme 58)."'%'"7

Singer and co-workers at Pfizer reported the synthesis of a
nicotine hapten on a 10 kg scale by the combination of
borylation and bromination. They found that the reaction of
nicotine with B,pin,, with [Ir(cod)Cl], and tmphen as ligand,
resulted in higher yields of S-borylnicotine than those
containing [Ir(cod)OMe], and dtbpy. Subsequent bromina-
tion with CuBr, provided the bromide in good yield. Workup
with aqueous ammonia and recrystallization with L-DBTA (1-
dibenzoyltartaric acid) resulted in nearly complete removal of
metal contaminants and avoided the need for chromatographic

Scheme 57. Key Bromoarene Required for the
Enantioselective Synthesis of Taiwaniaquinol B and
Taiwaniaquinol H Synthesized by a Borylation—
Bromination Sequence
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Pr [Ir(cod)(OMe)], (0.25 mol%)
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Scheme 58. Borylation—Bromination of Lycodine in the
Synthesis of Complanadine A and B
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purification. Further elaboration of the bromide resulted in the
desired nicotine hapten (Scheme 59).'"*

Nortcliffe et al. reported the borylation of a beta-aryl beta-
amino acid derivative catalyzed by the combination of
[Ir(cod)OMe], and dtbpy. The boryl products underwent
subsequent halogenation to the corresponding bromide
smoothly. The borylation—bromination sequence did not
erode the enantiomeric excess of the material and was applied
to the synthesis of a integrin antagonist (Scheme 60).'"”
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Scheme 59. Borylation—Bromination in the Synthesis of
Nicotine Hapten
tmphen (2 mol%)

[Ir(cod)Cl], (1 mol%)
B,pin, (0.75 equiv.) Bpin

D CuBr, (2.6 equiv.z
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NN D
D 7
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Br 2 \\"Q [— o X \Q
D L
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78% nicotine hapten

Scheme 60. Borylation—Bromination of Beta-Aryl Propionic
Acids en route to an Integrin Antagonist
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3.1.4. Transition-Metal-Catalyzed Borylation of C—H
Bonds in the Synthesis of Precursors to Bioactive
Molecules through the Formation of C—N Bonds. The
amination, azidation, or nitration of boronic esters further
extends this strategy. The one-pot, two-step sequence of meta-
selective borylation, followed by reactions that form a C—N
bond, has led to selective azidation or nitration at the meta-
position of an arene or heteroarene for the synthesis of
medicinally active compounds. In 2014, Abell et al. developed
conditions for the copper-mediated azidation of aryl boronic
esters. The resulting azides were immediately engaged in a
Huisgen cycloaddition to form triazoles. The telescoped
borylation—azidation sequence was applied to the synthesis
of triazole-substituted arenes, including a resveratrol analogue
and a nicotine derivative (Scheme 61)."*°

In 2019, Srinivasan et al. developed copper-mediated
conditions for the nitration of aryl boronic esters. This
reaction, in combination with C—H borylation, enables the
rapid synthesis of nitroarenes and the corresponding anilines.

Scheme 61. Formal Azidation of Aryl C—H Bonds by the
Combination of Borylation and Azidation Applied to the
Synthesis of Triazole-Decorated Natural Products

1. dtbpy (0.5 mol%)
[Ir(cod)OMe], (0.25 mol%) R R2

Bopin,
2. NaN3
Cu(OTf), (1 mol%)

3. sodium ascorbate  R—=——H N,N
N /

ey O O)Q

OMe N
resveratrol analogue (71%) maodified nicotine (54%)

The telescoped borylation—nitration protocol was applied to
the synthesis of the core of nilotinib (Scheme 62)."%!

Scheme 62. Formal Amination of Aryl C—H Bonds by the
Combination of Borylation and Nitration Applied to the
Synthesis of Nilotinib

1. dtbpy (1.5 mol%) N__N
[Ir(cod)(OMe)], (0.75 mol%)  NO, (0]
B,pin, (0.7 equiv.)

/@\ 2. Cu(OAc), (15 mol%) /@\
Br CFy NaNO, (3equiv) g
EtgN (2.5 equiv.) 3
45% J N
—

nilotinib

3.2. Transition-Metal-Catalyzed, Late-Stage Borylation of
C—H Bonds in Complex Molecules

This section of the review provides information on the
application of the borylation of C—H bonds to the late-stage
functionalization of complex molecules. Examples of the
borylation of C—H bonds will be divided into methods that
functionalize aryl C—H bonds and methods that functionalize
alkyl C—H bonds. Within those categories, the methods will be
further divided into undirected examples and directed
examples.

3.2.1. Late-Stage Modification of Complex Molecules
by the Undirected Borylation of Aryl C—H Bonds. Many
applications of the undirected, metal-catalyzed borylations of
aryl C—H bonds in complex molecules have been reported.
For late-stage functionalization of such compounds, material is
often limited and valuable. Thus, it is especially advantageous
to achieve high regioselectivity without the requirement of
additional synthetic steps to install and remove directing
groups.

The general set of conditions for the undirected borylation
of aryl C—H bonds that is most used for the late-stage
functionalization of complex molecules is a catalyst formed
from [Ir(cod)OMe], and either 3,4,7,8-tetramethyl-1,10-
phenanthroline (tmphen) or 4,4'-di-tert-butyl-2,2'-bipyridine
(dtbpy) and HBpin or B,pin, as the boron source. Other
ligand systems form catalytic complexes from iridium
precatalysts for the directed borylation of aryl C—H bonds
on complex molecules, and such systems will be reviewed
second in this section.

The catalyst generated from the combination of [Ir(cod)-
OMe], and dtbpy was reported for the C2 borylation of
protected tryptophan by Smith and Maleczka et al. in 2009
(Scheme 63A).'” In this study, the authors reported that C2
monoborylation occurred alongside competing diborylation at
the C2 and C7 positions. The C2/C7 diborylated product of
this reaction has been shown to undergo C2-selective
protodeboronation to furnish the C7-monoborylated product
when subjected to TFA, as reported by Movassaghi et al. in
2014,"** or when subjected to catalytic [Ir(cod)OMe], in
MeOH/CH,Cl,, as reported by Smith and Maleczka et al. in
2015 (Scheme 63B).'*

In 2010, James et al. published the C—H borylation of 15 a-
amino acid derivatives containing aromatic and heteroaromatic
side chains with a catalyst generated from [Ir(cod)OMe], and
dtbpy (Scheme 64)."** Substrates with arene side chains in this
study were meta-substituted and formed 3,5-disubstituted
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Scheme 63. C—H Borylation of Protected Tryptophan: (a)
C2 Monoborylation of Protected Tryptophan and (b) C7
Monoborylation of Protected Tryptophan by Diborylation/
C2-Selective Protodeboronation

a H [Ir(cod)OMe], (1.5 mol%) H
N dtbpy (3.0 mol%) N
Y) Bopin, (1 equiv) Y Bpin
NHBoc  \TBE, 1, 45 min NHBoc
CO,Me 43% COzMe

protected tryptophan

b Bpin
H cat. [Ir(cod)OMe],/dtbpy
N HBpin or Bypin, N
Y/ THF Y/
MNHCOMe 40y cHyCly, TFA NHCOMe
or
COzMe  [ir(cod)OMe], (1.5 mol%) 84% CO2Me

protected tryptophan MeOH/CH,Cl,

Scheme 64. Borylation of Aryl C—H Bonds in a@-Amino Acid
Derivatives

[Ir(cod)OMe], (1 mol%)
dtbpy (2 mol%) |

\ .
Bapin ) Bein

hexanes, 60 or 90 °C
BocHN™ “CO,Me BocHN™ “CO,Me

15 examples (54-97%)
aromatic and heteroaromatic

aryl—Bpin products. Heteroaryl substrates included thiophene,
pyridine, and indole side chains. Late-stage borylation of a-
amino acid derivatives is an important strategy for the synthesis
of novel therapeutic agents. Methods that modify existing a-
amino acid derivatives are attractive because the key a-
stereocenter is already present, and the configuration is
retained.

A benzoxazole-containing c-Met kinase inhibitor that was
identified as a potential cancer therapeutic underwent
borylation with a catalyst generated from [Ir(cod)OMe],
and tmphen, as reported by our laboratory in 2014 (Scheme
65).>" The selectivity of borylation ortho to oxygen in

Scheme 65. Late-Stage Borylation of a c-Met Kinase
Inhibitor

Bpin
e o) S o
NN N SN
L [Ircod)OMel, (1 moles) U
tmphen (2 mol%)

N B,piny N

\ \
N—N THF, rt N-N

QBOC

protected c-Met Kinase Inhibitor 51% "H NMR vyield

benzoxazoles is proposed to result from electronic effects.>”
Modification of the substitution pattern on the benzoxazole led
to species with high c-Met kinase inhibition, which
underscored the importance of methods that can rapidly
generate diverse structures in the late stage.

The general conditions for the undirected borylation of aryl
C—H bonds can be applied to two-step borylation/
functionalization sequences on complex molecules, as well as

the combination of borylation and protonation of the resulting
boronate to enable isotopic labeling at specific positions.
Maleczka and Smith et al. used this approach to achieve a net
C—H deuteration of clopidogrel, an active ingredient of Plavix.
The first step consisted of C—H borylation at the 2-position of
a thiophene moiety catalyzed by [Ir(cod)OMe], and dtbpy,
followed by a deuteriodeborylation catalyzed by [Ir(cod)-
OMe], in CD;0D/CDCI, to afford 2-deuterioclopidogrel.'**
Deuterium-labeled compounds are widely used for pharmaco-
kinetics and enzyme kinetic studies (Scheme 66).

Scheme 66. Borylation/Deuterodeborylation of Clopidogrel

D
S S
1. [Ir(cod)OMe], (1.5 mol%)
MeO,C. __N dtbpy (3 mol%), HBpin ~ MeO2C__N
cl MTBE, rt cl
2. [Ir(cod)OMe], (3 mol%)
CD3;0D/CDCl, (2:1)
clopidogrel 45% yield over 2 steps

92% D-incorporation

The combination of [Ir(cod)OMe], and dtbpy catalyzed the
borylation at the 5-position of a 1,2,3-trisubsituted benzene
ring in a galactose derivative in a synthesis reported by Shabat
et al. in 2016 (Scheme 67).'*® The resultant boronic ester was
used to append a fluorophore to the core structure to generate
chemiluminescent probes for sensing and imaging.

Scheme 67. C—H Borylation of a 1,2,3-Trisubstituted
Benzene on a Galactose Derivative

[Ir(cod)OMe], (2 mol%)

0 O dtbpy (4 mol%)
Bopin,
THF, 80 °C

galactose derivative

R'O R?

Bpin
89%

In 2017, Hirano and Miura et al. published C—H borylation
of 2-pyridones with a catalyst generated from [Ir(cod)OMe],
and 2,2'-bipyridine.'*® This catalyst system was applied to the
borylation of uracil to produce the C4- and CS-borylated
products in a 50:50 ratio and to the borylation of Boc-
protected (—)-cytisine, which occurred with perfect site
selectivity (Scheme 68).

2-Pyridones are frequently occurring substructures in
complex molecules, such as ciclopirox, milrinone, camptothe-
cin, fredericamycin, and perampanel. The importance of their

Scheme 68. C—H Borylation of Bioactive 2-Pyridones

o [Ir(cod)OMe], (2 mol%) 0o
bpy (4 mol%)
Jj {4 ma o
-y Bpin
41\ dioxane, 80 °C O)\N)
\
N-methylated uracil 60%
C5/C6 = 50:50
NBoc [Ir(cod)OMe]; (2 mol%) NBoc
o] bpy (4 mol%) (0]
—N Bopin, —N
N/ dioxane, 80 °C N/
protected (—)-cytisine 77% Bpin
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borylation is exemplified in Sarpong et al’s total synthesis of
complanadine A discussed above (Scheme 68)."*’

Movassaghi et al. published the C7 borylation of indole
fragments in the core of the aspidosperma family of natural
products to produce late-stage intermediates in the synthesis of
three different natural products. In a 2018 paper, an iridium
complex ligated by dtbpy catalyzed the C7-indole borylation of
a polycyclic lactam.'” After oxidation, the hydroxyindole
intermediate generated was converted in three steps to the
natural product (—)-vallesine. In a paper they published in
2021, an iridium complex ligated by tmphen catalyzed the
borylation of an indole at the C7 position of a polycyclic
intermediate related to the polycyclic lactam used in the
synthesis of (—)-vallesine.'”” After oxidation, the hydrox-
yindole intermediate generated was converted in three steps to
(+)-kopsifoline E and in four steps to (—)-kopsifoline A
(Scheme 69).

Scheme 69. C—H Borylation on the Indole Fragment of the
Aspidosperma Family of Natural Products
1. [Ir(cod)OMe], (5 mol%)

dtbpy (10 mol%), HBpin
THF, 65 °C

2. NH,0OH/H,0
MeOH

OH

31% over 2 steps
precursor to (—)-vallesine

1. [Ir(cod)OMe], (10 mol%)
tmphen (20 mol%),
HBpin, B,pin,, THF, rt

'\_-oTBS

CO.M 2. NH,OH/H,0
2e MeOH

31% over 2 steps
precursor to (+)-kopsifoline E
precursor to (—)-kopsifoline A

The one-pot, two-step C—H borylation and nitration
presented in Section 3.1.4 of this Review was applied to the
nitration of a-tocopherol nicotinate.'*" First, Ir-catalyzed C—H
borylation with dtbpy as ligand installed a boronic ester at the
C3 position of the pyridine moiety of a-tocopherol nicotinate.
In the same pot, the copper-catalyzed nitration furnished the 3-
nitro derivative of a-tocopherol nicotinate (Scheme 70).

Scheme 70. One-Pot, Two-Step Borylation/Nitration of a-
Tocopherol Nicotinate

0] Raiy 1. [I(cod)OMe], (0.75 mol%)

[0} dtbpy (1.5 mol%), B,pin,
x o THF, 80 °C O.N N R
| > 2. Cu(OAc), (15 mol%) | ~
N NaNO,, TEA, ACN, 80 °C N
a-tocopherol nictoinate 30%

A two-step sequence comprising C—H borylation and
acylation was published by Szostak et al. in 2020 that was
performed without the isolation of the boronic ester
intermediate.'* Various 1,3-disubstituted arenes were bory-
lated at the S-position with a catalyst generated from
[Ir(cod)OMe], and dtbpy. The resulting boronic ester was
subjected to Pd-catalyzed cross-coupling conditions with a
bis(Boc-protected), twisted benzamide as the coupling partner
to form a biaryl ketone product. This general method was

applied to the acylation of four complex molecules with the
boronic ester generated by C—H borylation as the coupling
partner (Scheme 71).

Scheme 71. Two-Step Borylation/Acylation Sequence with
Complex Molecules as the Boronic Ester Coupling Partner

1. [Ir(cod)OMe], (0.5 mol%)
dtbpy (1 mol%), Bopin,

o
THF, 80 °
NBoc, 8¢ | N
2. [Pd(IPr)(cin)CI] (5 mol%) J =
R

K>COg, THF:H,0, rt

Y@ LSS

07@ 60% 93%

Ph

Sanford and Scott et al. published a sequence comprising
C—H borylation and radiofluorination in 2021 that did not
require the isolation of the borylated intermediate.">' C—H
borylation catalyzed by a complex generated from [Ir(cod)-
OMe], and tmphen yielded the crude boronic ester
intermediate, which was directly subjected to Cu-mediated
radiofluorination conditions to forge the C—'°F bond. This
method was applied to the radiofluorination of lidocaine and a
cannabinoid receptor 2 partial agonist, GW405833. The
favorable properties of '*F for PET highlights the importance
of such methods to access bioactive '*F-labeled compounds
(Scheme 72)."%

Scheme 72. C—H Borylation/Radiofluorination Sequence to
Access Radiolabeled, Complex Molecules

1. [Ir(cod)OMe], (1 mol%)
tmphen (2 mol%)

H HBpin, 2-MeTHF, 80 °C BF
2. Cu(py)s(OTf, ['BFITBAF
o
o ( J
N

EttN N 18
H
MeO
18F_lidocaine N
15 + 8% RCY N 18F
O)\Q

18F-GW405833 ()
60 = 3% RCY cl

In a 2020 publication, Taube and Wood et al. applied
undirected C—H borylation to generate analogues of
staurosporine, a natural product with potent inhibitory
properties against a majority of the human kinome.">® The
combination of [Ir(cod)OMe], and 1,10-phenanthroline
catalyzed the borylation of staurosporine to form five different
borylated products: three from monoborylation and two from
diborylation of the indoline moieties (Scheme 73). Two
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Scheme 73. C—H Borylation of Staurosporine

[Ir(cod)OMe], (30 mol%)
1,10-phen (60 mol%) .
Boping, N Bpin
N o

THF, 100 °C e
MeO MeO

_NBoc _NBoc
protected staurosporine 4%

o N pinB N o

MeOJ/\; Meoj/\;

/NBoc _NBoc

O
9
-
O

=z

31% yield mixture of consitutional isomers

7 @
LT e L e

N o} pinB N o
MeOJ/\; MeOJ/\;
_NBoc _NBoc

33% yield mixture of consitutional isomers

monoborylated products and the two diborylated products
were not separable as boronic esters. However, upon oxidation
to the corresponding phenols, the constitutional isomers could
be separated.

The cytotoxic activity of the monophenol constitutional
isomers was evaluated against two tumor-derived cell lines.
The study did not reveal increased potency over that of
staurosporine. Although the reaction was unselective, the
formation of five products from a single reaction, all of which
could be further diversified, shows how the borylation of C—H
bonds is a valuable tool for the rapid generation of complex
molecule analogues.

The late-stage borylation of aryl C—H bonds in complex
molecules has been applied to the large-scale synthesis of
pharmaceutical compounds. In 2021, Wheelhouse and Iron-
monger et al. from GSK published the borylation of an
indazole C—H bond on an advanced intermediate in a route to
nemiralisib, a kinase inhibitor in development as a treatment
for chronic obstructive pulmonary disease."** Diborylation of
the complex intermediate on the benzopyrazole ring and the
oxazole ring was catalyzed by the combination of [Ir(cod)-
OMe], and tmphen. The addition of isopropanol led to
selective monodeborylation at the oxazole to reveal a
monoborylated intermediate that was transformed to nemir-
alisib in two steps (Scheme 74). The synthetic route was used
to deliver >100 kg of nemiralisib.

Scheme 74. C—H Borylation of an Advanced Intermediate
in the Synthesis of Nemiralisib

O (0]

[Ir(cod)OMe], (1 mol%)
(\NJ\(\N 3 (\NJ\/\N

tmphen (5 mol%)
\TNJ YN\) 0
SN
N\
R

HBpin, THF, reflux
pinB

then isopropanol

83%
2 steps from Nemiralisib

The undirected borylation of C—H bonds on complex
molecules can be achieved with iridium catalysts generated
from ligands other than tmphen and dtbpy. In 2015, Itami et
al. published the para-selective borylation of caramiphen by a
catalyst generated from [Ir(cod)OH], and OMe-xyl-BIPHEP
(Scheme 75A)."*° Catalysts generated from the OMe-xyl-

Scheme 75. para-Selective C—H Borylation Enabled by xyl-
BIPHEP Ligands

a o] [Ir(cod)OH]; (1.5 mol%)
oM L (3.0 mol%) o \&t
NEt, Bapiny 2
THF, 85 °C
caramiphen O B
61%
_MeO P(mxy)2 3% para selectivity
MeO O P(m-xyl);
b [Ir(cod)OH]; (1.5 mol%)
L (3.0 mol%)
Bopin,
THF, 85 °C
strychnine
CO,Me  [Ir(cod)OH], (6 mol%)
HN Sy 2 L (12 mol%)
. Bopin,, THF, 85 °C
MeO,C i
2 ON O Bpin
Lo P(m-xyl),

O P(m-xyl),

BIPHEP ligand react with higher para selectivity than the
iridium catalysts generated from tmphen and dtbpy. The
authors suggest that the origin of the higher regioselectivity is a
steric interaction between the bulky phosphine ligand and the
para substituent on the substrate. In 2020, Itami et al
published the borylation of strychnine, a natural product, and
nifedipine, a calcium channel agonist, with a catalyst generated
from [Ir(cod)OH], and a related xyl-BIPHEP ligand (Scheme
75B)."*° In the case of strychnine, olefin isomerization was also
observed.

In 2022, Sunoj and Chattopadhyay et al. published para-
selective, iridium-catalyzed borylations of aryl C—H bonds on
twisted amides catalyzed by iridium and a 4,5-diazafluorene
(defa) (Scheme 76)."*” Computational evidence suggests the
intervening methylene on the ligand causes an in-plane
distortion, which leads to a steric interaction between the
ligand and the twisted amide on the substrate. The interaction
is minimized by the approach of the substrate at its para
position. This method was applied to achieve the para-selective
borylation of two bioactive compounds.

A catalytic system formed by the combination of [Ir(cod)-
OMe], and a terpyridine ligand published by Ilies et al. in 2021
enabled C—H borylation ortho to fluorine in fluoroarenes.'*
Mechanistic studies suggest that the terpyridine ligand
undergoes cyclometalation to generate an N,N,C-ligated
iridium complex that may undergo reductive elimination to
produce a borylated ligand. Computational studies suggested
that both the cyclometalated iridium complex and the iridium
complex containing the borylated ligand increase the energy
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Scheme 76. para-Selective C—H Borylation of Bioactive

Compounds Enabled by a defa Ligand
Bpin

[Ir(cod)OMe], (1.5 mol%)
L (3 mol%)

H B,pin, THF, 40 °C

L=¢C L/ D
=N N=
defa

CONBoc, CONBoc,

TG T

Bpin Bpin

50%, 10.1/1 (p/m)
tocopherol
derived amide

87%, 9/1 (p/m)
deoxy-arbutin
derived amide

difference between the transition states for cleavage of the
meta- and ortho-C—H bonds over the difference with an
iridium complex ligated by dtbpy. This method was applied to
achieve the ortho borylation of haloperidol (Scheme 77).

Scheme 77. ortho-Selective Borylation of Haloperidol

Cl inB
HO PINB~o R
(o] 1. HBpin, dioxane, rt (o]
N pinB N
2.[Ir(cod)OMe]; (1.5 mol%)

L (8 mol%)
F B,pin,, dioxane, 80 °C F

haloperidol

Ilies and Asaka et al. also published a meta-selective
borylation of C—H bonds with a catalyst generated from
[Ir(cod)OMe], and a diborylated, spriopyridine ligand.139
Computational evidence suggests the rooflike structure of the
ligand imposes a steric interaction between the para
substituent on the substrate and the ligand that leads to a
more favorable approach of the meta-C—H bond than of the
para-C—H bond. This method was applied to achieve the
meta-selective borylation of C—H bonds in three active
pharmaceutical ingredients (Scheme 78).

Scheme 78. meta-Selective Borylation of Bioactive
Compounds Enabled by a Functionalized Spiropyridine
Ligand

[Ir(cod)OMe], (2 mol%)
L (4 mol%)

H B,pin,, dioxane, 90 °C

CO,Me

Bpin

67%, 20/1 (m/p)
caramiphen derivative pirfenidone derivative methylphenidate derivative

28%, 11/1 (m/p) 50%, 11/1 (m/p)

In 2023, Jiménez-Osés and Mascarefias et al. published a
catalytic system generated from [Ir(cod)OMe], and either S-
trifluormethyl-2,2'-bipyrdine or §,5'-ditrifluormethyl-2"2'-bi-
pyridine for the ortho-selective borylation of aromatic
amides.'*" Calculations suggest that both complexes undergo
the C—H activation step with higher ortho selectivity than does
the dtbpy-derived complex because of enthalpic stabilization
from a noncovalent interaction between the benzamide on the
substrate and the electron-deficient ring(s) on the ligand. This
system catalyzed the borylation of the ortho position of three
biologically relevant molecules (Scheme 79).

Scheme 79. ortho-Selective Borylation of Biologically
Relevant Molecules Enabled by Trifluoromethyl-Bipyridine
Ligands

[Ir(cod)OMe], (3 mol%) R
L (6 mol%) f
@ H B,pin,, THF, 65100 °C @ Bpin
= R1 / R2
Bpin O Bpin (6]
Bpin
OEt NEt,
53% 73%
=CF, R'=R2=CF;
benzocalne DEET
90%
=H,R?= CF3

mdomethacme derivative

3.2.2. Late-Stage Modification of Complex Molecules
by the Directed Borylation of Aryl C—H Bonds. The
directed borylation of aryl C—H bonds occurs when a
functional group on the substrate serves as a ligand for a
transition-metal complex that activates a specific C—H bond of
the substrate. Although directed functionalization often
requires the installation and removal of such a functional
group, these reactions can occur with regioselectivity that is
complementary to that of undirected approaches, thereby
making them a valuable tool for the functionalization of
complex molecules that contain many potential sites for C—H
borylation.

The directed borylation of C—H bonds in complex
molecules can occur under ligand-free conditions with
[Ir(cod)OMe], as the precatalyst. In 2020, Scott and Moss
et al. published the pyridine-directed, C—H borylation of a
late-stage intermediate in the synthesis of the clinical candidate
AZD9833 usm§ [Ir(cod)OMe], without added ligand
(Scheme 80A)."*" In 2022, Sunoj and Chattopadhyay et al.
showed that these ligand-free conditions are compatible with
several directing groups and enable the directed borylation of
aryl C—H bonds in 26 different complex molecules (Scheme
80B)."**

Chattopadhyay et al. has also reported that the combination
of [Ir(cod)OMe], and S-methyl-2-(thiophen-3-yl) pyridine
generates a complex that catalyzes the directed borylation of
aryl and heteroaryl C—H bonds.'* As part of this work, they
showed six complex molecules undergo C—H borylation with
various directing groups (Scheme 81). The S-methyl-2-
(thiophen-3-yl) pyridine was shown to cyclometalate at the
C2 position of the thiophene to form a N,C-bound, LX-type
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Scheme 80. Directed C—H Borylation under Ligand-Free
Conditions: (a) Pyridine-Directed C—H Borylation of Late-
Stage Intermediate in the Synthesis of AZD9833 and (b)
Borylation of Complex Molecules Using Various Directing
Groups

a Br
7N
N _/  [Ircod)OMel, (1.5 mol%)
Bopin,
N = N—\ THF, 66 °C
N/ CF3
THP
64%
2 steps from
derivatized AZD 9833
b DG DG

[Ir(cod)OMe], (1.5 mol%) .
‘/@ H szzinz ‘@ Bpin
THF, 80 °C

DG = OPy, NHPy, CH,NR,, 26 examples (55%-98%)

Scheme 81. Aryl C—H Borylation Directed by Various
Directing Groups Using an LX-Type Ligand System

o
L=
Me,N Cl wNIPrZ
Bpin Cl MeO OO

Bpin

[Ir(cod)OMe], (1.5 mol%
L (3 mol%)

)
Bypiny, THF, 80 °C Bp'"

B

86% 78%
sertraline from naproxen

Bpln

80% 89%
cannabinoid core from fendiline

ligand, in contrast to the typical N,N-bound, LL-ligands used
for C—H borylation.

3.2.3. Late-Stage Modification of Complex Molecules
by the Undirected Borylation of Alkyl C—H Bonds. The
development of methods for the practical, catalytic, and
selective functionalization of alkyl C—H bonds without the use
of a directing group is a long-standing goal of synthetic
chemistry. The undirected borylation of alkyl C—H bonds is
particularly valuable because the application of such methods
in the late-stage diversification of complex molecules could
potentially enable the installment of a wide array of
functionalities in previously inaccessible positions.

There is one example of the application of transition-metal-
catalyzed, undirected borylation of alkyl C—H bonds that has
been applied to a complex molecule. In 2020, our laboratory
published the undirected borylation of a primary C—H bond
on protected dehydroabietic acid with a catalyst generated
from [Ir(cod)OMe], and 2-methyl-1,10-phenanthroline
(Scheme 82).'**

3.2.4. Late-Stage Modification of Complex Molecules
by the Directed Borylation of Alkyl C—H Bonds. The
directed borylation of alkyl C—H bonds is more developed
than the undirected borylation of alkyl C—H bonds. Directed
approaches can control the site selectivity of the borylation.

Scheme 82. Undirected Borylation of a Primary C—H Bond
in Protected Dehydroabietic Acid

[Ir(cod)OMe], (2.5 mol%)
2-Mephen (5 mol%)
Bopin,

Bu0,C \ H cyclooctane, 100°C  g,0,G" A
protected dehydroabietic acid 31%
2-Mephen = / A
—N N=

Systems that have been applied to the directed borylation of
alkyl C—H bonds in complex molecules are based on both
palladium and iridium. In this section, examples with palladium
systems will be reviewed first, followed by examples with
iridium systems.

In 2014, Shi et al. reported the borylation of primary, alkyl
C—H bonds with Pd(OAc), as the precatalyst, diisopropyl
sulfide as the ligand, and oxygen as the terminal oxidant.'*> A
picolinyl directing group was installed on an amine to direct
the C—H functionalization. The method was applied to the
borylation of six amino acids and a derivative of estrone
(Scheme 83). All complex molecules underwent borylation at a
C—H bond y to the directing group.

Scheme 83. Pd-Catalyzed Borylation of C—H Bonds y to a
Picolinyl Directing Group on Complex Molecules

Pd(OAc), (20 mol%), B,pin, f PA= X\

Ho NHPA oS, L,COs, LiF, NaHCO, CPin NHPA @YO
o
N

R2 RZ i

MeCN/PhCN, O,, 80 °C

v

R1

6 amino acids (61-84%)
estrone derivative (60%)

R1

In 2021, Ge and Maiti et al. used a picolinyl directing group
to achieve the borylation of primary, alky]l C—H bonds ¢ to the
directing group with a catalyst generated from Pd(OAc), and
2-hydroxy-6-methylpyridine.'** These reactions required the y
position of the substrates to be a quaternary center to avoid
C—H functionalization at the y position. This method was
applied to three substrates with small terpenenoid natural
products appended (Scheme 84).

Yu et al. showed that a fluorinated, N-aryl amide could act as
a directing group for the borylation of primary C—H bonds
to the directing amide.'*” A complex generated from
Pd(OAc), and 2,4-dimethoxyquinoline catalyzed the C—H
borylation of a dehydroabietic acid derivative with the
fluorinated, N-aryl amide directing group appended (Scheme
85).

Iridium-catalyzed examples of directed borylation of alkyl
C—H bonds on complex molecules have been reported by Xu
et al.with a series of chiral, diamino-silylborane ligands that
exhibit bidentate, B,N-binding. These ligands will be reviewed
below. Directed reactions with such ligands are successful
because of the generation of a chiral, trisboryl iridium complex
with two open coordination sites that can bind the directing
group and differentiate two prochiral C—H bonds.

Their publication in 2019 disclosed a system generated from
[Ir(cod)Cl], and a diamino-boryl ligand with pyridine
substitution on one amino group and biaryl substitution on
the other that catalyzed an amide-directed borylation of alkyl
C—H bonds of cyclopropanes.*® The catalytic system was
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Scheme 84. Pd-Catalyzed Borylation of C—H Bonds J to a
Picolinyl Directing Group on Complex Molecules

NHPA
HWHPA R/a/\ﬁ
H .

Pd(OAc), (10 mol%)
L (20 mol%)
Bopin,, Na,COg

MeCN, O,, 80 °C

pinB
— S
PA= [ L=
7
N Me” “N” OH
A O
o. _0 o0._0 ﬁ o_0
NHPA NHPA NHPA
pinB pinB pinB
60% 46% 51%

Scheme 8S. Pd-Catalyzed Borylation of C—H Bonds f to an
Amide Directing Group on a Dehydroabietic Acid
Derivative

1. Pd(OAc), 10 mol%)
L (20 mol%)
Bopin,, HOAC,
KHCOg, NEt,BF,
MeCN, O,, 80 °C

ArFHN\\\‘" 2. oxidation ArgHN
o] L = OMe
protected dehydroabietic acid A 70%
‘ ~
N~ "OMe

applied to the catalyst-controlled, diastereoselective borylation
of C—H bonds on cyclopropane rings appended to estradiol
and cinacalcet (Scheme 86).

With the same iridium precatalyst and a ligand with a triaryl-
substituted pyridine moiety on one amino group and a 2-
adamantyl-phenyl substituent on the other, the amide-directed
borylation of C—H bonds on cyclopropanols was achieved."*’
Xu and co-workers appended three bioactive molecules to

Scheme 86. Diastereoselective, Amide-Directed Borylation
of Cyclopropanes with a Chiral Boryl Ligand

NR, [Ir(cod)Cl]5 (5 mol%) NR,
Ph L (10 mol%) Ph
"< S0 Bgpiny, THF, 60 or 80 °C /’K*o

Ph, Pn pinB

L: 89%, 24:1 dr
ent-L: 90%, 1:24 dr

- 60%. 6:
from estradiol pinB L: 60%, 6:1 dr

ent-L: 72%, <1:19 dr
from cinacalcet

cyclopropanols to exemplify the application of this method in
late-stage borylation (Scheme 87).

Scheme 87. Stereoselective, Carbamate-Directed Borylation
of Cyclopropanols with a Chiral Boryl Ligand

O NPr2 [ir(cod)Cll, (2.5 mol%%) OYN'Prz
o R L (5 mol9%) o, R
A\‘ B,pin,, hexane,75 °C Z»\‘

Ph Ph inB
L= Y P
Ph
N, N
=N [si]

Ph  [Si] = PhMe,Si

X = OMe: 84% (97:3 dr)
X =H: 84% (96:4 dn

64% (91% ee)

Xu et al. reported the same catalytic system for the
enantioselective borylation of acyclic amides at C—H bonds
P to the directing amide."*” The method was applied to the
enantioselective borylation of f-C—H bonds in three fatty-
acid-derived acyclic amides (Scheme 88). Such an application
exemplifies a valuable method for the conversion of cheap and
abundant carboxylic acids to value-added products.

Scheme 88. Enantioselective, Amide-Directed Borylation of
Fatty Acids with a Chiral Boryl Ligand

1. [Ir(cod)Cl], (2.5 mol%)

L (5 mol%)
(o) B,pin,, hexane, 70 °C OH O
/W\)J\ 2. oxidation W
NPr, NPr,
n L. Ph  Pn n

77% (94% ee)
n = 11 from palmitamide

1 N N‘B’N\Q 63% (90% ee)
_N [Si]‘ Ad n = 13 from stearamide
Ph  [Si] = PhMe,Si

Ph

The stereoselective borylation of C—H bonds on carbo-
cycles and azacycles beta to the carbonyl carbon center of
amides was reported by Xu et al. in 2020 with a catalyst
generated from [Ir(cod)OMe], and a ligand with a triaryl-
substituted pyridine moiety on one amino group and either 2-
cyclohexyl-phenyl substitution or 2,6-diethyl-phenyl substitu-
tion on the other.” This method was applied to the
diastereoselective borylation of C—H bonds in saturated
rings on six substrates derived from complex molecule
(Scheme 89).

The stereoselective borylation of C—H bonds S to a
directing nitrogen center also was achieved by a catalyst
generated from [Ir(cod)OMe], and a ligand with pyridine
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Scheme 89. Diastereoselective, Amide-Directed Borylation
of C—H Bonds on Carbocycles and Azacycles with a Chiral
Boryl Ligand

Xu 2020
[Ir(cod)Cl] (2.5 mol%)
A /j L (5 mol%) R*/j\
C B,pin,, hexane, 70 °C
\N 2PNy \N Bpin
N RN
RN 70 RioRe—t 2N 70
L2= R‘ Cy
A
/N [Sl] R2
[Si] = PhMe,Si

Qe

>< ’Per
NEt,

il L2: 73%, 95:5 dr
from galactopyranose

Cl

L1: 62%, 97:3 dr
ent-L1: 80%, 3:97 dr Bpin O
from estradiol
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P
: EEL @
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’Per /\EP\ ’Per’&

L2: 64%, 95:5 dr ProN
from zamifenacine ent-L2: 54%, 15:85 dr
from paroxetine

ent-L2: 91%, 3:97 dr
from lorcaserin

substitution on one amino group and 2,4,6-tricyclohexylphenyl
substitution on the other.">> The method was applied to the
borylation of cholic and deoxycholic acid substituted with a
pyrazole group (Scheme 90).

Scheme 90. Diastereoselective, Pyrazole-Directed
Borylation of Complex Molecule Derivatives with a Chiral
Boryl Ligand
” 1. [Ir(cod)OMe], (2.5 mol%)
L (5 mol%)

Bopin,, hexane, 60 °C
2. oxidation

Q/ 8 \@\ X = OMe: 28% (83:17 d)
ISl ¢y Cy  wientL: 71% (<5:95 dn)
[Si] = PhMe,Si

X = H: 53% (87:13 di)
w/ ent-L: 81% (<5:95 dn)

In 2022, Xu and Ke et al. published an amide-directed
strategy for the dual borylation of ferrocenes at an alkyl and an
aryl C—H bond.">* This reaction is described here because the
ligand framework for these reactions is the same as the others
in this section for the directed borylation of alkyl C—H bonds.
This transformation was achieved with a catalyst generated
from [Ir(cod)Cl], and a ligand containing a 4-phenylpyridine
moiety on one amino group and 2-aryl-5-methylphenyl
substitution on the other. The authors appended three
complex molecules to the ferrocene core and conducted the
C—H borylation reaction to exemplify the use of this method
on ferrocene-labeled complex molecules (Scheme 91).

Scheme 91. Amide-Directed, Dual Alkyl—Aryl Borylation of
Complex Molecule-Derived Ferrocenes

(o] Bpin O

[Ir(cod)Cl], (5 mol%) 7 “**-Bpin
@( _ L (10 mol%)
” N B,pin,, THF, 80 °C ‘ N
Rt Fe / Rt Fe /

R2© L= Ph _ePhAr Rz@

N. _N
™
Ph™N=N_ siMe,

Ph

Ar = 3,5-+-Bu,CgH3

74 %, >19:1 dr 72%, >19:1 dr 58%, 9:1 dr
R'=H R'=H R'= deoxycholic acid derivative
R2= allofuranose derivative ~R?= menthol derivative R2= H

3.3. Transition-Metal-Catalyzed Borylation of C—H Bonds
in the Synthesis of Organic Materials

The borylation of C—H bonds catalyzed by transition-metal
complexes has been applied extensively to the synthesis of
molecules or polymers for applications in materials science,
often toward molecules with valuable photophysical properties.
Molecules with valuable photophysical properties are often rich
in aromatic units, thereby making the borylation of C—H
bonds particularly valuable for the modification of these
structures. Moreover, transition-metal-catalyzed borylations of
C—H bonds typically occur at less sterically encumbered
positions and with a bias toward electron-poor C—H bonds,
and this selectivity is complementary to that of methods
occurring through electrophilic aromatic substitution. The
resultant boronic esters are versatile chemical handles that can
be transformed into the desired functional group or
substituent.

The distinction between applications in which the borylation
has been used to synthesize valuable building blocks and those
in which the borylation is used to introduce modifications at a
“late stage” is not always clear. For instance, in 2011
Yamaguchi et al. showed that the borylation of tetrabromo-
biphenyl occurs cleanly and allows for elaboration of the
biphenyl core and, ultimately, the synthesis of z-extended
bis(phosphoryl)biphenyls (Scheme 92).'>* Conversely, Mard-

Scheme 92. Ir-Catalyzed Borylation of Biphenyls and the
Preparation of Biphenyls by Homocoupling of Arylboronic
Esters Prepared by the Borylation of Arenes

Ph
1. dtbpy (3 mol%)

[Ir(cod)OMe}, (1.5 mol%
Bopin, (1.3 equiv.)
Br Br 93% after washlng Br P//O
Br Br 2 Pd(PPhy “Ph
G- O O
48%

F3C, Br dtbpy 6 mol%

[Ir(cod) OMe]2 (3 mol%
Q o —
Cu(OAc), (10 mol% B

F3C ! CF,4

er et al’s 2020 synthesis of emissive materials containing
biphenyl cores was achieved by using the borylation of simple
arenes to generate meta-substituted boronic esters that were
homocoupled to afford biphenyls and subsequently elaborated
to the desired borafluorenes (Scheme 92)."> Likewise, Marder
et al. used the borylation of dimethoxybenzene during the
synthesis of complex donor—acceptor triarylboranes that
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display thermally activated delayed fluorescence (TADF). This
borylation of a simple arene was used to install the central
boron atom (Scheme 93)."*° They also showed that the

Scheme 93. Ir-Catalyzed, meta-Selective Borylation of and
in the Synthesis of Triarylboranes
O
OM

1. dtbpy (6 mol%)
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[Ir(cod)OMe], (1.5 mol%) E
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borylation of a triarylborane occurs selectively on the less-
hindered, electron-poor acceptor fragment to afford modified
triarylboranes that display solvent-dependent emission spectra
(Scheme 93)."*” Thus, we have organized the examples of the
borylation used to prepare organic materials in this section by
structure type and only briefly address whether the borylation
reaction was applied to prepare a “building block” or to
conduct a “peripheral modification” at the “late stage” of the
synthesis of a complex material.

3.3.1. Transition-Metal-Catalyzed Borylation of Aryl
C—H Bonds for the Synthesis and Modification of
Polyaromatic Hydrocarbons. In 2003, Sugihara et al
reported that the borylation of azulene occurs with good
selectivity for the five-membered ring, with 2-borylated azulene
being the major product and 1-borylated azulene being the
minor product (Scheme 94). The authors proposed that the
selectivity arises from z-complexation of the substrate to the
iridium center prior to borylation.'>® It is also possible that the
more acute bond angles in five-membered rings cause the
distances between the hydrogen atoms to be longer than those
in seven-membered rings and the steric hindrance in five-
membered rings to be less, thereby accounting for the observed
selectivity. Under more forcing conditions, polyborylation
occurred to afford a mixture of products.139 However, in 2015,
Scott et al. showed that polyborylation of azulene converges to
1,3,5,7-tetraborylazuluene under conditions that facilitate
reversible borylation.'® This building block was later applied
to tl};elt synthesis of a hole-transporting material (Scheme
94).

In 2011 and 2017, Kobayashi et al. reported the di-, tri-, and
tetra- borylation of anthracenes (Scheme 95).'°>'* The
borylation of the 2-position is favored over that of the 1-
position. Despite this steric preference, efforts to produce
polyboryl compounds resulted in statistical mixtures because
the A and C rings reacted independently of one another.

In the same vein, in 2009, Kobayashi et al. reported that the
borylation of tetracenes resulted in a 1:1 mixture of 2,8- and
2,9-diborylated products (Scheme 96). These borylated
materials served as valuable building blocks for the synthesis

Scheme 94. Ir-Catalyzed Borylation of Azulenes
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Scheme 95. Ir-Catalyzed Borylation of Anthracene
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Scheme 96. Ir-Catalyzed Borylation of Tetracenes and [n]-
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of m-extended tetracenes applied to create organic field-effect
transistors (OFETs)."®* Isobe et al. reported the borylation of
phenacenes for the modification of single-walled carbon
nanotubes (SWNTs). Borylation occurs at the edge positions
(2-, 3-, 6, and 7- for n = 3; 2-, 3-, 8-, and 9- for n = 4 or 5) with
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essentially statistical preference. Shown in Scheme 96 are the
“linear” isomers.'®®

Chemists have had a long-standing interest in pyrenes as
chromophores, fluorescent probes, and components of organic
semiconductors.'®® Marder et al. has reported the borylation of
pyrene and perylene.'®” "' The borylation of pyrenes
occurred with good selectivity at the 2- and 7-positions
(Scheme 97). Under more forcing conditions, borylation also

Scheme 97. Ir-Catalyzed Borylation of Pyrenes, Terylenes,
[Ir(cod)(OMe)], (5 mol%
dtbpy (10 mol%)

and Terrylenes
) O
O‘ e 2R 2] Bpin Bpin

Bpin Bpin
[Ir(cod)(OMe)], (5—-20 mol%)
OHOHD SRR OO
(A SREE 5P
Otrudy ~ am ORIy
\ n=1,56% .
= o

02 n=2,04% Bpir Bpin

occurred at the 4-position. Yamada and Aratani et al. have
reported the borylation of terylene and quaterrylenes (Scheme
97)."7% (n = 0 = perylene, n = 1 = terylene, n = 2 =
quaterrylene)

Mastalerz et al. reported a route to a variety of soluble
perylenes that hinges on the regioselective diborylation of a
dihydroanthracene. Subsequent Suzuki—Miyaura cross-cou-
pling and cyclization led to the desired perylenes (Scheme
98)."" Lin et al. used the borylation of anthraquinone and

Scheme 98. Ir-Catalyzed Borylation of Anthracenes and
Anthraquinones in the Synthesis of Perylenes

tBu I I I
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())
O C
)
Ccl O

ArBr =
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e e
OR
¢ o
subsequent oxidation to install the desired alkoxy substituents
in their synthesis of hi§hly electron-deficient perylene

76%, R = CgHyy
polynitriles (Scheme 98)."”

Perylenediimides (PDIs) are valuable chromophores for
applications in dye chemistry and organic materials. Tradi-
tionally, elaboration of the perylenediimide core has been
achieved by halogenation and subsequent downstream
functionalization of the 1, 6, 7, and 12 “bay positions,”
which tend to twist the ring out of planarity.'”* In 2011, the
groups of Shinobuko and Miillen disclosed that the iridium-
and ruthenium-catalyzed borylations of PDIs occur at the 2, S,

Bpin

tBu
KOt-Bu (6 equiv.)

tBu

1. dtbpy (24 mol%)

AA

8, and 11 “ortho positions” and that subsequent functionaliza-
tion preserves the planarity of the PDI (Scheme 99).'7#'7®

Scheme 99. Ir-Catalyzed and Ru-Catalyzed Borylation of
Perylenedimides

Bpin
[Ir(cod)OMe], (3 mol%)
P(CgFs)3 (1.2 mol%)
B,pin, (8 equiv.)

(0]

BI
O _N
Bpin Bpin
‘O RuH,(CO)(PPhg)z (50 mol%) OO
B,pin, (8.25 equiv.) ‘
pinacolone OO
OO Bpin Bpin
(e] N o
R

(o]
P~
@]

CrHqs
i

R Crthis 70%

These building blocks have since enabled the synthesis of 7-
extended PDIS,176 including corannulene-decorated PDIs
capable of serving as sensors of Ce'’” and PDI dimers.'”®
The borylation of a nitrogen-bridged naphthalene monoimide
dimer also occurred at the position ortho to the amide
carbonyl.'””

Necas et alreported that [4]helicenes and [S]helicenes
undergo borylation with regioselectivities controlled by the
steric hindrance imparted by the ring on the other end of the
molecule in the helical structures (Scheme 100). The boronic
ester products were oxidized to the corresponding alcohols or
used in Suzuki—Miyaura cross-coupling reactions.'*”'*' In
2016, Matsuda et al. reported the triple borylation and
subsequent cross-coupling of triazatriangulene cations for the
late-stage tuning of their emissive properties (Scheme 100)."**
Lacour et al. further reported that triple borylation of cationic
[4]helicenes occur on the geriphery and allow for modular
modification of these dyes.'*’

Iridium-catalyzed borylation has been leveraged further as a
synthetic method to construct graphene nanostructures. This
strategy is especially powerful for the modification of
symmetric structures. In 2018, Sisto et al. reported that
triptycene undergoes triple borylation to form a mixture of
isomers from a single borylation at each of the three aryl rings
(Scheme 101). The mixture was used directly for a sequence
consisting of cross-coupling and oxidative cyclization to form
3-fold-symmetric graphene nanoribbons, which were used as
the electron-extraction layer in perovskite solar cells. The
spokelike structure is postulated to facilitate interlayer
penetration and to lower the contact resistance.'**

In 2012 and 2013, the groups of Scott and Itami reported
conditions for the clean and efficient synthesis of S5-fold
borylated corannulene,'®*>'*® and in 2018 Nozaki et al.
reported the S5-fold borylation of azapentabenzocorannu-
lenes.'®” Subsequent cross-coupling and dehydrocoupling led
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Scheme 100. Ir-Catalyzed Borylation of Helicenes and
Triangulene Cations
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Scheme 101. Ir-Catalyzed Borylation of Triptycene
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to highly warped graphene nanosheets (Scheme 102). These
warped nanographenes (WNGs) display solubilities and
photophysical properties that differ from those of traditional
nanographenes, presumably because of differences in crystal
packing. Electronic umpolung to access the corresponding
pentabromo or pentaiodo derivatives from the pentaboryl
corannulene has also been reported.'®® Further regioselective
borylation of these WNGs resulted in modification of the
periphery. #9190

Whereas [S]circulenes possess a bowl-shaped topology,
[6]circulenes are planar or nearly planar. Nuckolls et al.
reported the synthesis of various thiophene boronic esters and
applied them to the synthesis of dibenzotetrathienocoronenes,

AB

Scheme 102. Ir-Catalyzed S-Fold Borylation of [5]-
Circulene and Subsequent Elaboration to Bowl-Shaped
Nanographenes
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which display solvent-dependent structural behavior (Scheme
103)."!

Scheme 103. Synthesis of [6]-Circulenes Enabled by Ir-
Catalyzed Borylation of Thiophene
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In 2012 and 2013, the groups of Shinokubo and Itami first
demonstrated that the mono-, di-, tri-, and hexaborylation of
hexabenzocoronenes (HBCs) occur cleanly and provide access
to oxidized and arylated HBCs that are difficult to synthesize
by Scholl oxidation.'”*~"*> The peripheral borylation of HBCs
also has been applied to the synthesis of oligo-HBCs by
Nuckolls et al. (Scheme 104)."%

In 2015, Shinokubo et al. reported the synthesis of
tetrathia[8]circulenes from cyclic tetrathiophenes by a
sequence comprising borylation and annulation (Scheme
105)."7 This modular route enabled the study of the
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Scheme 104. Ir-Catalyzed Borylation of [6]-Circulenes
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relationship between the substitution patterns of the circulene
and the aggregation or emission spectra of the molecules.'”

Scheme 10S. Ir-Catalyzed Borylation of Tetrathiophenes
Enables the Synthesis of Tetrathia-[8]-circulenes
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The geodesic structures derived from 1,3,5-substituted
benzenes (phenines) are topologically related to the
corannulenes. Isobe et al. first demonstrated in 2016 that the
borylation of cyclo-meta-phenylenes (CMPs) occurs in high
yield. The S-fold borylated [S]JCMP has been used as an
intermediate for the modular synthesis of various arylated
[S]CMPs, which have performed well as components of single-
layer OLEDs (Scheme 106)."”” The borylated [5]CMP,
[7]CMP and [8]CMP, and [6]CMP were later found to be
valuable building blocks for the synthesis of bowl-shaped,
saddle-shaped, and cylindrical geodesic phenine frameworks
(GPFs), respectively (Scheme 106).>°7>%

Mastalerz et al. reported that the borylation of truxene and
tribenzotriquinacene occurs with good selectivity for the Cs;-

AC

Scheme 106. Ir-Catalyzed Borylation of Cyclo-meta-
phenylenes
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o

symmetric isomer, which is complementary to selectivities
obtained by electrophilic aromatic substitution (Scheme
107).7°%*% These curved molecules are valuable as precursors
to curved buckybowls.

3.3.2. Transition-Metal-Catalyzed Borylation in the
Synthesis and Modification of Dendrimers. Dendrimers
are radially symmetric molecules with well-defined and
monodisperse structures,””® and they have received much
attention because of their medicinal, biological, and materials
applications.” Ohgophenylene dendrlmers have been inves-
tigated for OLED applications.”® Their synthesis has typically
relied on iterative Suzuki—Miyaura couplings of boronic ester
building blocks with bifunctional “focal points.” These focal
points are haloarenes containing masked boronic acids, which
then require demasking between the cross-coupling steps. An
alternative strategy is to harness the borylation of C—H bonds
to introduce the desired boronic ester functionality directly in
the appropriate step in the synthesis.

In 2008 and 2009, the groups of Moore and Suginome
reported that the borylation of meta-substituted arenes
provides a rapid way to synthesize polyphenylene dendrimers
by iterative borylation and cross-coupling of the borylated
building blocks (Scheme 108).7%%*'°
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Scheme 107. Ir-Catalyzed Borylation of Truxenes and
Tribenzotriquinacenes
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Scheme 108. Ir-Catalyzed Borylation of Arene Building
Blocks in the Synthesis of Dendrimers
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In contrast to coupling borylated arenes to a central “focal
point” in a building block approach, the groups of Marder and
Goto reported that the borylation of the periphery of
dendrimers enables the rapid expansion of a dendrimer
architecture (Scheme 109).*'"*'?

3.3.3. Transition-Metal-Catalyzed Borylation for the
Postpolymerization Modification of Polymers. The
borylation of C—H bonds also has been applied to the
postpolymerization functionalization of polymers. Early efforts
focused on the functionalization of polyolefins. The borylation
of polyolefins provides an avenue to access hydroxylated or
arylated polyolefins that contain polar functional groups and

Scheme 109. Ir-Catalyzed Peripheral Borylation of

Dendrimers
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B
79%
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with high molecular weights, a class of polymers that have been
difficult to synthesize through copolymerization strategies.

In 2002, our laboratory in collaboration with Hillmyer’s
showed the feasibility of this approach in the two-step
borylation—hydroxylation of polyethylethylene (PEE).*"
This method was later expanded to achieve the functionaliza-
tion of linear low-density polyethylene (LLDPE) and
polypropylene (PP) (Scheme 110)."**"> Bae et al. later

Scheme 110. Rh-Catalyzed Borylation of Polyolefins
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reported that isotactic poly(1-butene) and polystyrene under-
go borylation in a similar fashion.”'®*'” These functionalized
polyolefins were decorated further by functional group
manipulations or graft polymerization, and the resulting
polymers exhibited changes in crystallinity and the ability to
serve as compatibilizers in polymer blends.

In 2009, Bae et al. pioneered the application of the
borylation of C—H bonds for the modification of aromatic
main-chain polymers, in particular to the postpolymerization
functionalization of poly(arylene ether sulfone) (Scheme
111).>"*" The reactions occurred cleanly with essentially

Scheme 111. Ir-Catalyzed Borylation of Poly(arylene ether
sulfones)
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no cross-linking or chain cleavage, as inferred from the
polydispersity index of the resultant polymer. Bielawski et al.
leveraged this method to synthesize poly(arylene ether
sulfone) polymers decorated by Lewis basic heterocycles as
proton-exchange membrane materials (Scheme 111).2*° Scott
et al. reported that the borylation of 1,3-bis(3-
phenoxyphenoxy)benzene occurs on the ends of the polymer
chains and can be applied to the synthesis of polyphenylether—
epoxy resin—triamine adhesives.

3.3.4. Transition-Metal-Catalyzed Borylation for the
Synthesis of Oligopyrroles, Corroles, Porphyrins, and
Porphyrin Analogues. The borylation of C—H bonds also
has been applied to the synthesis or modification of
oligopyrroles, corroles, and porphyrins. 4,4-Difluoro-4-bora-
3a,4a-diaza-s-indacenes (BODIPYs) are small molecules that
exhibit strong fluorescence with sharp peaks.”***** Osuka et al.
reported that the borylation of a meso-substituted dipyrro-
methane occurs in high yield and with high a-selectivity,
whereas the borylation of a dipyrrin (BODIPY) occurs with
moderate yield and f-selectivity (Scheme 112). This selectivity
created complementary approaches to the synthesis of both a-
and f-alkenylated BODIPYs.”**

Porphyrins are 187 aromatic macrocyclic compounds that
are ubiquitous in nature and in organic optoelectronics.
Porphyrins have long been studied in fields as varied as
photosynthesis, biocatalysis, dyes, information storage, ligand
design, and supramolecular chemistry.”** In 2005, Osuka et al.
pioneered the borylation of porphyrins and reported that the
direct borylation of porphyrins occurs at the f-position, while
other functionalization methods, such as electrophilic aromatic
substitution, tend to modify the meso-position (Scheme
113).”*° The borylated porphyrins were further functionalized

AE

Scheme 112. Ir-Catalyzed Borylation of Pyrroles and
BODIPYs
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Scheme 113. Ir-Catalyzed, f-Selective Borylation of

Porphyrins
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Leveraging the predictable selectivity of C—H borylation,
Osuka and others combined appropriate borylated porphyrins
with linkers of choice in a “building block” approach to
synthesize oligo-porphyrin architectures (Scheme 114). Many
novel porphyrins were synthesized by this approach. For
example, doubly 1,3-butadiyne-bridged and 2,5-thienylene-
bridged diporphyrins were synthesized from doubly borylated
porphyrins, and the two-photon absorption cross sections of
the bridged diporphyrins were abnormally large.”””** Other
exotic porphyrin oligomers were synthesized with this strategy,
such as porghyrln nanobelts,”' ~**" cyclometalated porg)hyrln
complexes,””~*** or cyclophane-like oligoporphyrins.”

If the meso- and P-positions on the porphyrin ring are
sterically hindered, and aryl C—H bonds on the distal aryl
substituents are sterically accessible, then borylation occurs at
the distal aryl C—H bonds. This scenario leads to the highly
selective terminal borylation of a tetraarylporphyrin (Scheme
115).2%

Corroles are 187 aromatic tetrapyrrolic compounds that
contain a direct pyrrole—pyrrole linkage and are studied for
their unique coordination chemistry and optical proper-
ties.”****” In 2005, Osuka et al. reported that the borylation
of corrole, like the borylation of porphyrins, occurs with f-
selectivity. These borylated corroles have provided a route to
the corrole—porphyrin dimers”*” and doubly bridged corrole

dimers, which possess singlet biradical character (Scheme
116).231:252

site of other
functionalization reactions
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Scheme 114. f-Borylated Porphyrins as Building Blocks for
the Synthesis of Oligoporphyrins

Scheme 115. Ir-Catalyzed Peripheral Borylation of
1
[Ir(cod)OMe],

Oligoporphyrins
©/0Me pinB\©/OMe
[
(40 mol%)
Ar dtbpy (80 mol%) Ar

B,pin, (40 equiv.)
[
o
MeO

Bpin

OCgHy7

Meo/© Ar = %—Q

Subporphyrins are ring-contracted analogues of porphyrins
with a 147 aromatic system, a bowl-shaped structure, and often
possess nonlinear optical properties.”*>*** In 2015, Osuka et
al. reported that subporphyrins undergo clean double
borylation at the meso positions (Scheme 117). The boronic
ester products were further elaborated into m-extended
subporphyrins and subporphyrin dimers.”>”

In 2021, Tanaka and Osuka et al. used the borylation of
phenylene-linked dipyrroles and tripyrroles to provide starting
materials for the synthesis of cyclic oligopyrroles (Scheme
118).*° Subsequent oxidation of these oligopyrroles formed
the corresponding circulenes.”””*>*

Song et al. reported that the double borylation of tripyrrins
occurred cleanly and applied the diboronic ester products to
the synthesis of z-extended “earring” porphyrins (Scheme
119). The UV—vis spectra of these materials contained bands
that are highly red-shifted, relative to the parent porphyr-

. 259,260
in. %

95%

AF

Scheme 116. Ir-Catalyzed, f-Selective Borylation of

Corroles
[Ir(cod)OMe],
CgFs (1.5 mol%) CgFs
dtbpy
(1.5 mol%) Bpin
Bopin,
1.1 equiv.
CeFs (-1 equv) o e
CeFs CeFs
91%
Ar
Pd(dba), (5 mol%)
PPhg (20 mol%) CeFs
CsF (3 equiv.) A
Cs,CO;3 (1.5 equiv.) r
porBr (1 equiv.)
CeFs
Ar Bu
CeFs Ar=}
73%
Bu
CeFs CeFs
7 N\
CeFs CeFs
1. PdCly(dppb) (3 mol%) N\ /
chloroacetone (2 equiv.)
Cs,CO3 (5 equiv.)
2. DDQ (2 equiv.) CgFs CeFs
3. NaBH,

55% over 3 steps

Scheme 117. Ir-Catalyzed Borylation of Subporphyrins

R

[Ir(cod)OMe], (10 mol%)
dtbpy (20 mol%)
B,pin, (2 equiv.)

R = Me, 94%
R = OMe, 85%

Scheme 118. Ir-Catalyzed Borylation of Dipyrroles in the

Synthesis of Cyclic Oligopyrroles

[Ir(cod)OMel, (1.5 mol%)

dtbpy (3.5 mol%)

B,pin, (1.1 equiv.)
— > HN

DDQ (5 equiv.)

Sc(OT)g (5 equiv.)

Br Br
(1.1 equiv.)
SPhos-Pd-G2 (10 mol%)
K>COg3 (3 equiv.)
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Scheme 119. Ir-Catalyzed Borylation of Tripyrroles

[Ir(cod)OMe],
(1.5 mol%) Ar

Mes

Mes

Ar = 3,5-di(tBu)-CgH,

In a similar fashion, clean 6-fold borylation occurred on the
distal aryl C—H bonds of a hexaphryn derivative containing
2,6-substituted aryl groups (Scheme 120).>%!

Scheme 120. Ir-Catalyzed Borylation of Hexaphryns

Ar? Art
[Ir(cod)OMe],
Art Al (10mol%)  Ar Ar®
dibpy (20 mol%)
N IR B,pin, (24 equiv.) N | WH
Ar? Ar2 Art Ar
Art A 81%
Cl OMe Cl OMe
Cl OMe Cl OMe

Cyclic tetraindoles are considered m-extended porphyrino-
gen analogues, and they can be transformed into a planar
porphyrin-like structure by oxidation. Shinokubo et al.’s 2012
route involved the borylation of a bisindole and subsequent
dimerization (Scheme 121).*°* Similar analogues containing
benzofuran and benzothiophene units also have been prepared
by this route.**®

Scheme 121. Ir-Catalyzed Borylation of Bisindoles in the
Synthesis of Porphyrinogen Analogues

Bpin
Pdydbag
(1.7 mol%)
SPhos (6.7 mol%
CsF (33 mol%)
C52C03 (33 mol%)
tBu

20% over two steps

Br
tBu tBu

O 63%

[Ir(cod)OMe],
(0.5 mol%)
Z “NH dtbpy(1 mol%

\
Z
szlnz 4 equw NH

1. TBAF
2. Bry (xs)
38.NaHSO; NaHSO

M= Cu, Zn, Ni

3.3.5. Transition-Metal-Catalyzed Borylation of Arene
C—H Bonds in the Synthesis of Chalcophene Materials.
Because of their solution processability and ability to form
stable films, semiconducting polymers are valuable for organic
field-effect transistors (OFETs) and organic photovoltaic
devices (OPVs). Within this field of research, much effort

AG

has been devoted to the exploration of heteroaromatic rings
incorporated into the building unit to modulate the electronic
properties and structural ordering of the polymers. Thiophene-
based bulldlnég blocks have received particular attention in
recent years.

In 2015, Inagaki et al. studied the borylation of various
thiophene derivatives with a silica-supported iridium catalyst.
In one case, the combination of borylation and cross-coupling
resulted in the synthesis of a triarylamine hole transport
material in yields that are much higher than those of the prior
routes (Scheme 122).2%°

Scheme 122. Borylation of a Trithiophene Hole—Layer
Material

Ph

1. Ir-BPy-PMO (0.75 mol% Ir)
HBpln (4.5 equiv.)

2. Pd(PPhg), (9 mol%) PPh3 ) mol%

PhBr 6 equlv

op\U

over 2 steps

known routes: 9%

mesoporous silicaz:"""" ‘,ST 7/ \ ‘S"
.\Q ‘ 7 N= 0o I\.
Ir-BPy-PMO = Si \ \ / Sl ‘
./ — o
o o _mesoporous silica

.,Sl\.

In 2014, Takimiya et al. reported the diborylation of
thienothiophene in high yield. Subsequent oxidation formed
the corresponding thienothiophenedione—a strong, electron-
deficient acceptor unit for use in organic semiconductors
(Scheme 123).2¢

Scheme 123. Ir-Catalyzed Borylation of Thienothiophene
and Application to the Synthesis of Thienothiophenedione

[Ir(cod)OMe],
(10 mol%) R
dtbpy (20 mol%)
Bopiny
(2.2 equiv.)

R = 2-octyldodecyl R

I\
g~ ~TMS

The borylation of naphthodichalcogenophenes and naptho-
thiadiazoles has been applied to the rapid synthesis of
semiconductor materials. For example, in 2012, Takimiya et
al. reported the selective 5,10-diborylation of napthodithio-
phenes and synthesized organic semiconductors for OFET and
OPV applications (Scheme 124). The different charge
mobilities of the two polymeric forms shown in Scheme 124
are attributable to the different levels of twist in the
backbone.**” =%

Naphthothiadiazole units are also valuable as electron-
deficient units in semiconducting polymers. In 2013, Takimiya
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Scheme 124. Ir-Catalyzed Borylation of
Napthodichalcogenophenes
[Ir(cod)OMe],

(0.5 mol%)
dtbpy (1 mol%)

Baping (2 equiv) 1pg_(/ O
X X

Bpin
TIPS 4

as

X
O g TIPS ‘ )—TIPS
Bpin
CgHy7 X =0, 86%
X =8, quant.
X = Se, quant.

C8H17

[Ir(cod)OMe],
(0.5 mol%)
O dtbpy (0.2 mol%)
S

B,pin, (2 equiv.) CoHiy 7
S

) CeHi7

et al. reported a convenient route to organic semiconducting
polymers containing the napthothiadiazole core by the
diborylation of naphthothiadiazole (Scheme 125).%7%*"!

Scheme 125. Ir-Catalyzed Borylation of Napthothiadiazoles

R
aro S A N s I\
Br
[Ir(cod)OMe], N/ S N\ /) s
s (10 mol%) s
N’ dtbpy (20 mol%)  N“TN (1 equiv.)
N Bapin, I Pd(PPhs), (20 equiv.)
Bequiv) g Aliquat 336
Bpin K>COgz (10 equiv.)
I\ / \N R = 2-decyltetradecyl
\sr N3

In 2021, Okamoto et al. used the borylation of
chrysenodithiophene for the synthesis of conjugated polymers
containing both chrysenodithiophene and benzothiadiazole
units (Scheme 126).7"

3.4. Transition-Metal-Catalyzed Borylation of C—H Bonds
in Synthesis of Ligands

The late-stage modification of ligands for homogeneous
catalysis is a final application of the borylation of C—H
bonds constituting “late-stage” functionalization. These re-
actions can be divided into two types of functionalization: (1)

AH

Scheme 126. Ir-Catalyzed Borylation of
Chrysenodithiophenes

1. [Ir(cod)OMe],
(5 mol%)
dtbpy (10 mol%)
Bopin, (2 equiv.)

TIPS L
s O = 83% after filtration
SO Tk
TIPS (1 equiv.)

the modification of common ligand cores by sequences
comprising borylation and functionalization and (2) directed
functionalizations in which the coordinating atom of the ligand
precursor interacts with the transition metal catalyst and
confers the desired site or stereoselectivity.

The binaphthalene core is a privileged structural class in
enantioselective synthesis. In particular, the chiral binaphthol
(BINOL) scaffold has been applied extensively in chiral
Bronsted acid catalysis. Numerous theoretical and experimen-
tal studies have shown that aryl substituents at the 3- and 3'-
positions strongly influence the selectivities of catalysts formed
from these BINOL cores.”””?”* In 2014, Clark et al.
demonstrated that silyl-directed borylation and subsequent
Suzuki—Miyaura coupling introduces a wide variety of ar;rl
substituents at the 3- and 3’-positions (Scheme 127).>”

Scheme 127. Borylation-Coupling Sequences for the
Synthesis of 3- and 3’-Substituted BINOLs

HCISIi(i-Pr), (2 equiv.)
Et3N (2.2 equiv.) g
OH ) OSiH(iPr),
Cy

DMAP (10 mol%,

] ] OSiH(iPr),

79% Ar = 3,5-(CHz),CgHs
. 1. hexanal
[Ir(cod)Cl], (1 mol%) Bpin 2. Pdydbag Ar
dnbpy 4 mol%) OO (2 mol%) OO
Bopin; (2 equiv.) OSiH(iPr), P(o-tolyl)s OH
—_— L (4 mol%)
OSiH(iPr), K,COs OH
(8 equiv.)
Bpin  3,5(CHj3),CeH3Br Ar
72% (3 equiv.) 78%

1. dtbpy (4 mol%) Ar’
[Ir(cod)OMe],
(2 mol%)
OH Boeg, (4 equiv.) OH
OH 2. (dppf)PdCl, (2.5 mol%) OH
OO 4-Me-CgH,4Br (3 equiv.) OO
Na,CO3 (8 equiv.) Ar

77%
Ar’ = 4-Me-CgHz

Chattopadhy et al. later showed in 2019 that the silyl directing
group is not necessary if the diboron reagent is B,eg, (eg =
ethylene glycolate) (Scheme 127). Noncovalent interactions
between the phenol and Beg groups appear to direct the
borylation to the ortho position.””®

Ferrocenes are prevalent in ligands for homogeneous
catalysis. Thus, methods to introduce substituents or even
planar chirality to the ferrocene core are valuable for the
synthesis of ferrocenyl-based ligands. The undirected bor-
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ylation of ferrocenes was first investigated by Plenio et al. in
2004, but these reactions occurred in moderate yield.””” In
2022, Xu et al. developed a chiral bidentate boryl ligand that
enabled the enantioselective borylation of ferrocenes contain-
ing amide functionality (Scheme 128). The amide functionality

Scheme 128. Enantioselective Borylation of Ferrocene
Enabled by a Chiral Bidentate Boryl Ligand

CBL (10 mol%) Bpin ] N\~N._.N

[Ir(cod)Cll, (5 mol%)
@\(o Bapin, (3 equiv) S O PhA=N Ph/éiMez
|

Fe

Fe MeN-gue o <N\0Me
tBu
&D Q Bpin
e w0
89%, 93% ee
tBu

is presumed to interact with a vacant binding site on the
iridium catalyst, thereby directing the borylation to the C—H
bond located ortho to the directing group.'*

Phosphines are common supporting ligands in homoge-
neous catalysis. The coordination of phosphines to transition
metal catalysts is a powerful avenue to direct the site of
borylation. In 2014, Clark et al. showed that the combination
of [Ir(cod),]BF, and tmphen catalyze the borylation of biaryl
phosphines at the distal aryl group (Scheme 129). In 2019,

Scheme 129. Phosphine-Directed ortho-Borylation of

Arenes
l PCy, O PCY,
O l Bpin

(1 mol%)

PPh
©/ 2 HBpin 1.1 equiv.) ©:PPh2
Bpin

1. [Ir(cod),]BF4
(2.5 mol%)
tmphen (2.5 mol%)
HBpin (3.3 equiv.)

2.BH, THF

[RuCly(p-cymene)],

1. [Rh(coe),Cl], (1 mol%)

catechol (2 mol%)
o™

B,
L
Bpin
76%
S
Ph

CyJohnphos
81%

HBpin (5 mol%)
Bo,pin, (1 equiv.)
2. BH3 THF

1. Pd(OAc);, (5 mol%)
SPhos (5 mol%)
KOH (3 equiv.)
Phl (1.5 equiv.)

2. DABCO

Clark et al. further showed that 2-methylaryl phosphines
undergo borylation at the benzylic position in the presence of
the cationic iridium complex [Ir(cod),]|BF, with tmphen as
ligand.”’®*"?**" Similarly, Takeya et al. showed that aryl
phosphines undergo highly ortho-selective borylation in the
presence of [RuClL(p-cymene)], (Scheme 129).**" Shi et al.
showed that similar reactivity and selectivity was observed in

Al

the presence of [Rh(coe),Cl], and applied the ortho-selective
borylation to a concise synthesis of CyJohnphos (Scheme
129).”*" In all these cases, the selectivity is postulated to arise
from coordination of the phosphino group to the metal
catalyst.

In 2018, Kanai et al. developed a bipyridine ligand with the
capacity to participate in secondary hydrogen-bonding
interactions with substrates. When combined with [Ir(cod)-
OMe],, this ligand forms complexes that catalyze the meta-
selective borylation of aryl phosphine oxides and phosphonate
esters (Scheme 130).%%%%%

Scheme 130. meta-Selective Borylation of Phosphine Oxides
Enabled by a Hydrogen-Bonding Ligand

[Ir(cod)OMe], (1.5 mol%)
o Ligand (3 mol%) >

p\\Cy Bopin, (1 equiv.) Bpin P\\Cy
Cr e
OMe OMe

>99%
>30:11r

Ligand:

In 2020, Watson et al. showed that arylphosphonates also
undergo ortho-selective borylation with cationic iridium
catalysts formed from [Ir(cod)(acac)] and the electron-
deficient ligand P[(3,5-CF;),-C¢H;]; (Scheme 131). The

Scheme 131. ortho-Selective Borylation of
Arylphosphonates with Cationic Iridium Catalysts

Ir(cod)(acac) (5 mol%) BH;
PI3,5-CFo)o-Ctals o \ -
o (5 mol%) Bpin O
R-OEt B,pin, (2 equiv.) R-OEt R
o) S —— OEt
O
44%

authors noted that similar results were obtained with
[Ir(cod),]BF,, but [Ir(cod)(acac)] was chosen as the
precatalyst because of its bench stability and lower price.
The resulting aryl boronic esters were then used in the
synthesis of a biarylphosphine ligand.”**

In 2020, Phipps et al. reported the desymmetrization of
diaryl phosphinamides catalyzed by a complex that interacts
with the substrate through an ion pair (Scheme 132). The
phosphinamide is postulated to hydrogen bond to the
sulfonate bipyridine, while the chiral cation confers enantio-
selectivity.”*> In 2021, Xu et al. reported the desymmetrization
of diaryl phosphinates to synthesize phosphines in which
phosphorus is a stereogenic center (Scheme 133).%%

In 2019, Xu et al. demonstrated that the combination of a
chiral bidentate boryl ligand and iridium catalyzes the
desymmetrization of diarylaminomethanes. The resulting
boronic ester was then used for the synthesis of an
aminophosphine ligand (Scheme 134).”%

Finally, the double borylation of a bipyridine enabled
Segawa et al.’s 2017 synthesis of a bis-2-pyridylidene palladium
complex (Scheme 135).>**

4. CONCLUSION AND OUTLOOK

C—H functionalization is a fast-growing field that has had and
will continue to impact the many research areas of synthetic
chemistry. Among methods for C—H functionalization,
reactions to functionalize C—H bonds with boron and silicon
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Scheme 132. Desymmetrization of Diaryl Phosphinamides
by Borylation of Aryl C—H Bonds with a Chiral, Ion-Pairing
Strategy

OMe
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Scheme 133. Desymmetrization of Diaryl Phosphinates by
Borylation with a Chiral Bidentate Boryl Ligand
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Scheme 134. Desymmetrization of Diaryl Aminomethanes
by Borylation with a Chiral Bidentate Boryl Ligand
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Scheme 13S. Borylation-Coupling of a 3,3’-Bipyridine
Enables the Synthesis of a Bis-2-pyridylidene Palladium
Complex
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are particularly attractive because they occur with high
regioselectivity and form products with boron- and silicon-
based groups that can be transformed into a range of different
functional groups. Because of these characteristics, the
silylation and borylation of C—H bonds have been widely
applied to the modification of many classes of complex
molecules, including active pharmaceutical ingredients, natural
products, intermediates in the synthesis of such compounds,
organic materials, and ligands. This review has outlined such
applications.

There are many similarities between the catalytic systems
used for the silylation and borylation of C—H bonds. As such,
both fields are well-developed in similar areas and require
further development in others. For example, the silylation and
borylation of aryl C—H bonds can occur under mild conditions
in a general fashion that is suitable for synthetic applications,
particularly undirected methods.

At the same time, the functionalization of alky]l C—H bonds,
specifically with silicon, has been limited to intramolecular
reactions. However, a major goal for future development is the
intermolecular silylation and borylation of alky]l C—H bonds.
For silicon, directed examples exist using trialkyl silanes, but
further development of methods that incorporate silyl groups
that contain at least one electronegative atom and, thereby,
enable a wider range of subsequent derivatizations are needed.
Undirected examples of the functionalization of alkyl C—H
bonds with boron and silicon are the least developed. With the
undirected borylation of alkyl C—H bonds reported recently
under conditions with the substrate as limiting reagent, it is
likely that further catalyst development and reaction designs
will enable this class of borylation to occur in a practical
fashion.

Although progress has been made toward creating catalysts
that react with high activity and site selectivity, site-selective
silylations and borylations of C—H bonds in molecules with
multiple similarly active C—H bonds is an urgent unmet need.
Although directing strategies exist, further developments of
methods that exploit existing functionality to control site
selectivity and do not require laborious installation and
removal of directing groups are needed. More challenging is
the development of methods with catalyst-controlled site
selectivity. Such methods have the capability to expand the
scope of borylation and silylation reactions and to enable a
broader range of functionalization of complex molecules at a
“late stage.”
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ABBREVIATIONS

bpy 2,2'-bipyridine

BQ benzoquinone

coe cyclooctene

cod 1,4-cyclooctadiene

2-CINQ 2-chlorobenzoquinone

dba dibenzylideneacetone

DCM dichloromethane

2,6-DiCIBQ  2,6-dichlorobenzoquinone

DMAP 4-dimethylaminopyridine

DMBQ 2,6-dimethoxybenzoquinone
DMP Dess—Martin periodinane

dppf 1,1’-bis(diphenylphosphino)ferrocene
dtbpy 4,4'-ditert-butyl-2,2’-bipyridine
dtbpf 1,1'-bis(di-tert-butylphosphino)ferrocene
HFIP 1,1,1,3,3,3-hexafluoroisopropanol
nbd norbornene

nbe norbornadiene

NMP N-methylpyrrolidone

AK

MTBE methyl tert-butyl ether
dicyclohexyl(2’,6’-dimethoxy[ 1,1’-biphenyl]-2-

SPhos yl)phosphane

TBAF tetrabutylammonium fluoride

TBHP tert-butyl hydroperoxide

TBSCl tert-butyldimethylsilyl chloride

tBuDavePhos 2-ditert-butylphosphino-2'-(N,N-
dimethylamino)biphenyl

THF tetrahydrofuran

tmphen 3,4,7,8-tetramethyl-1,10-phenanthroline

TMSCI trimethylsilyl chloride

XPhos dicyclohexyl[2’,4’,6’-tris(propan-2-yl)[1,1’-bi-
phenyl]-2-yl]phosphane
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