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a b s t r a c t

Homogeneous C–H and C–X borylation via transition-metal-catalysis have undergone rapid development

in the past decades and become one of the most practical methods for the synthesis of organoboron

compounds. However, the catalysts employed in homogeneous catalysis are generally expensive, sensitive,

and difficult to separate from the reaction mixture and reuse. With the rapid development of heteroge-

neous catalysis, heterogeneous C–H and C–X borylation have emerged as highly efficient and sustainable

approaches towards the synthesis of organoboron compounds. This review aims to highlight the recent

advances in the synthesis of organoboron compounds employing heterogeneous C–H and C–X borylation

strategies. We endeavor to shed light on new perspectives and inspire further research and applications

in this emerging area.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Organoboron compounds are valuable building blocks in or-

ganic synthesis and have been widely applied in various areas,

such as pharmaceutical science and materials science [1-5]. The

development of practical and convenient protocols for the synthe-

sis of organoboron compounds has always been one of the core

topics of organoboron chemistry. Traditional synthetic routes of

organoboron compounds mainly rely on nucleophilic reactions of

boron precursors with highly reactive organolithium or Grignard

reagents, which suffered from poor functional group tolerance and

harsh conditions. Since the pioneering work by Miyaura and Ma-

suda [6,7], numerous transition-metal-catalyzed C–X (X=halide or

pseudohalide) borylation transformations have been developed for

the efficient access of organoboron compounds [8-11]. Meanwhile,

pioneered by Marder and Hartwig [12,13], tremendous efforts have

been devoted to transition-metal-catalyzed C–H borylation trans-

formations to convert C–H bonds to C–B bonds [14-20]. Despite

significant progress has been made in homogeneous C–H and C–X

borylation, difficulties associated with separating the catalyst from

the reaction mixture and recovering the catalyst for reuse as well
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as contamination by toxic metals and the generally high cost and

instability of catalyst are notable disadvantages of homogeneous

catalysis, which hampers its wider application in chemical and

pharmaceutical processes. Therefore, the development of promis-

ing approaches to overcome these limitations is highly demanded.

Heterogeneous catalysis is a sustainable alternative to homo-

geneous approaches for organic transformations, as it can reduce

the cost of catalysts, simplify the separation process, and enable

large-scale industrial production [21]. These features make it pos-

sible to synthesize valuable chemicals on a practical scale in a

green manner. In recent years, with the rapid development of sus-

tainable chemistry and heterogeneous catalysis, heterogeneous C–

H and C–X borylation have emerged as highly efficient and sus-

tainable approaches towards the synthesis of organoboron com-

pounds (Scheme 1). In this review, we seek to showcase the re-

cent advances in heterogeneous C–H and C–X borylation to synthe-

size organoboron compounds, which are organized by catalyst sup-

port classes in heterogeneous C–H borylation and catalyst classes

in heterogeneous C–X borylation. We hope that this review will be

helpful in inspiring further advances in this emerging area.

2. Heterogeneous C–H borylation

2.1. Carbon material-supported metal catalyst

The first example of heterogeneous C–H borylation was re-

ported by Miyaura and co-workers in 2001, who achieved the sim-
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Scheme 1. Synthesis of organoboron compounds via heterogeneous C–H and C–X

borylation.

Scheme 2. Pd/C-catalyzed benzylic C–H borylation of alkylbenzenes.

ple Pd/C-catalyzed benzylic C–H borylation of alkylbenzenes to af-

ford pinacol benzylboronates in good yields (Scheme 2) [22]. Other

heterogeneous catalysts such as Pt/C, Rh/C, and Ru/C were totally

ineffective. The reactions were carried out with B2pin2 or HBpin as

the limiting reagent in the presence of excessive alkylbenzenes un-

der neat conditions. This catalytic system is highly sensitive to the

presence of heteroatom, thus both 4-methyl anisole and 2-methyl

thiophene were unsuccessful substrates.

2.2. Silica-supported metal catalysts

Silica is one of the most well-known supports for catalytically

active metal complexes especially in C–H borylation [23]. Based

on their previously developed Silica-SMAP, a silica-supported,

caged, compact monodentate alkylphosphine ligand, in 2009,

Sawamura and co-workers prepared Silica-SMAP-Ir in situ from

[Ir(OMe)(cod)]2 and Silica-SMAP. This silica-supported compact

phosphine-iridium system showed high activities for the ortho-

selective aromatic C–H borylation of arenes with various direct-

ing groups, such as ester, amide, sulfonate, acetal, alkoxymethyl,

and chlorine groups, under mild reaction conditions (Scheme 3a)

[24]. Remarkably, when the reaction of methyl benzoate with

B2pin2 was carried out under neat conditions at 100 °C on a

20mmol scale, the Silica-SMAP−Ir exhibited a high turnover num-

ber (20,000) while retaining perfect ortho selectivity. By using the

same Silica-SMAP−Ir system, they also achieved the site-selective

C(sp3)−H borylation of 2-alkylpyridines (Scheme 3b) [25], site- and

stereo-selective C−H borylation of cyclopropanes and cyclobutanes

(Scheme 3c) [26], and C8-selective C–H borylation of quinoline

derivatives (Scheme 3d) [27]. Very recently, Al Mamari and co-

workers reported a method for C8-selective C–H borylation of 4-

quinolones using a similar catalytic system (Scheme 3e). The Silica-

SMAP−Ir catalyst was easily separated from the products through

Celite filtration, but efforts to reuse the catalyst were not success-

ful.

By employing Silica-SMAP-Rh, prepared in situ from Silica-

SMAP and [Rh(OH)(cod)]2, in 2011, Sawamura and co-workers

achieved the ortho-selective C–H borylation for a variety of

arenes containing nitrogen-based directing groups including N-

heterocycles, tert–aminoalkyl groups, and imine-type groups

(Scheme 4a) [29]. Notably, this heterogenous Rh catalysis comple-

ments their previously reported heterogenous Ir-catalyzed ortho-

borylation, which is effective for arenes with oxygen-based direct-

ing groups. By using a heterogeneous catalyst system consisting

of [Rh(OMe)(cod)]2 and a silica-supported triarylphosphine ligand

(Silica-TRIP) featuring an immobilized triptycene-type cage struc-

ture with a bridgehead P atom, the site-selective C(sp3)−H bory-

lation of amides, ureas, and 2-aminopyridine derivatives was real-

Scheme 3. Silica-SMAP-Ir-catalyzed aromatic C–H borylation of arenes with var-

ious directing groups, quinoline, 4-quinolones, and C(sp3)−H borylation of 2-

alkylpyridines, cyclopropanes, and cyclobutanes.

ized by the same group (Scheme 4b) [30]. A silica-supported tripod

triarylphosphane (Silica-3p-TPP) containing a triphenylphosphane-

type core tripodally immobilized on the silica surface was also

reported by the same group and employed in the heterogeneous

rhodium- and iridium-catalyzed C(sp3)–H borylation of amide,

urea and alkylpyridine derivatives (Scheme 4c) [31]. All these het-

erogeneous catalysts could be easily separated from the products

by Celite filtration but could not be reused.

Besides phosphine ligand, bipyridine ligand could also be im-

mobilized on the silica support. In 2014, Jones and co-workers re-

ported that mesoporous silica (SBA-15)-supported bipyridine irid-

ium complex, which was prepared from the SBA-15-supported

bipyridine ligand and [Ir(cod)(OMe)]2, exhibited moderate to good

catalytic activity for the C−H borylation of various disubstituted

arenes (Scheme 5) [32]. Importantly, this heterogeneous catalyst

could be recovered easily and reused repeatedly by simple wash-

ing without chemical treatment and exhibits good recycling per-

formance with a modest decrease in the catalytic rate over three

runs.

In a parallel study to the work of Jones, Inagaki, and co-

workers reported the synthesis of BPy-PMO, a periodic meso-

porous organosilica (PMO) containing 2,2′-bipyridine (bpy) within

the framework (Scheme 6a) [33]. BPy-PMO exhibited excellent lig-

and properties for the heterogeneous Ir-catalyzed C−H borylation

of both electron-rich and -poor substituted arenes with B2pin2.

This Ir-BPy-PMO catalyst could be easily recovered by simple filtra-

tion and retain good catalytic activity with a slight loss of product

yield for at least three cycles. A hot-filtration experiment and the

subsequent ICP analysis clearly indicated that the catalytic reaction

2
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Scheme 4. Silica-SMAP-Rh- and Silica-TRIP-Rh-catalyzed C–H borylation of arenes

and Silica-3p-TPP-Rh- and Silica-3p-TPP-Ir-catalyzed C(sp3)–H borylation of amide,

urea and alkylpyridine derivatives.

Scheme 5. Ir-2-catalyzed aromatic C–H borylation of arenes.

occurred by the iridium complex fixed on BPy-PMO without leach-

ing of Ir species. In the following year, the same group reported

that Ir-BPy-PMO showed high catalytic activity for the C–H boryla-

tion of a wide range of arenes and heteroarenes using HBpin as the

borylating reagent (Scheme 6b) [34]. Successive recycling reactions

could be conducted under similar conditions at least 3 times, al-

though both the reaction rate and product yield gradually declined.

By employing a similar strategy, Copéret and co-workers indepen-

dently reported the synthesis of Ir-bpy1/10-PMO, a molecularly de-

Scheme 6. Ir-BPy-PMO- and Ir-bpy1/10-PMO-catalysed aromatic C–H borylation of

arenes. Reproduced with permission [34]. Copyright 2015, the Royal Society of

Chemistry. Reproduced with permission [35]. Copyright 2014, John Wiley and Sons.

Scheme 7. SiO2/NEt2/bpy(C1)/Ir- and Ir(cod)-BPy0.3–NT-catalysed aromatic C–H bo-

rylation of arenes. Reproduced with permission [37]. Copyright 2017, the Royal So-

ciety of Chemistry.

fined Ir(I) catalyst with a PMO containing bipyridylene moieties in

a matrix of biphenylene units as ligand platform (Scheme 6c) [35].

This heterogeneous catalyst displayed good catalytic performance

for the C–H borylation of benzene, toluene, and anisole, and can

be reused without significant loss of activity.

Based on the previous studies of silica-supported Ir-catalysed

aromatic C–H borylation, Motokura, and co-workers developed a

novel kind of silica-supported Ir catalysts, in which Ir-bipyridine

complex and organic functionalities are coimmobilized on the sil-

ica surface (Scheme 7a) [36]. They found that the linker length of

the Ir−bipyridine complex, the coimmobilized organic functional-
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Scheme 8. [1]-SiO2-catalysed C–H borylation of methane.

ity, and the substituents on the arene substrates significantly af-

fected the catalytic activity for the aromatic C–H borylation. One of

the catalysts SiO2/NEt2/bpy(C1)/Ir could be recycled at least three

times with gradually decreased reaction rate and product yield.

In 2017, Gong and co-workers reported the synthesis of BPy-

NT, a one-dimensional organosilica nanotubes containing bipyri-

dine ligands in the framework (Scheme 7b) [37]. The metalation of

BPy-NT with [IrCp∗Cl(μ-Cl)]2 and [Ir(cod)(OMe)]2 afforded robust

heterogeneous catalysts, IrCp∗-BPy-NT and Ir(cod)-BPy-NT, which

exhibited high catalytic activities for the C–H borylation of arenes.

Benefiting from the isolated active sites as well as the fast trans-

port of substrates and products, these nanotube catalysts displayed

enhanced activities and durability as compared to the analogous

homogeneous catalysts and other conventional heterogeneous cat-

alysts. Notably, the total TONs for Ir(cod)-BPy0.3–NT after the 10th

reuse could reach up to 900 for benzene borylation.

Since the initial reports by Mindiola and Sanford [38,39], cat-

alytic C–H borylation of the most abundant hydrocarbon, methane

(CH4), has garnered significant interest in recent years. In 2023,

Mindiola and co-workers developed a heterogeneous Ir catalyst via

the surface immobilization of a bisphosphine molecular precata-

lyst, [(dmpe)Ir(cod)CH3], onto amorphous silica, which enhanced

its performance over 12-fold (Scheme 8) [40]. Impressively, this

catalyst [1]-SiO2 afforded over 2000 turnovers at 150 °C in 16h

with a selectivity of 91.5% for mono- vs diborylation. The sup-

ported precatalyst was identified as an IrI species and multinu-

clear Ir polyhydrides were not formed upon completion of catal-

ysis, which revealed that the immobilization of the organometallic

Ir species on a surface prevents bimolecular decomposition path-

ways.

2.3. MOFs-supported metal catalysts

Metal−organic frameworks (MOFs) have attracted increasing in-

terest in recent years as a new class of porous molecular mate-

rials for catalyst support in C–H borylation transformations [41].

In 2014, Lin and co-workers reported a highly stable and recy-

clable single-site heterogeneous Ir catalyst, bpy-UiO-Ir, which was

prepared via postsynthetic metalation of the 2,2′-bipyridyl-derived
metal−organic framework of the UiO (Universitetet i Oslo) struc-

ture (bpy-UiO) with [Ir(COD)(OMe)]2 (Scheme 9a) [42]. Bpy-UiO

was synthesized via a solvothermal reaction between ZrCl4 and

2,2′-bipyridine-5,5′-dicarboxylic acid in the presence of DMF and

trifluoroacetic acid. The bpy-UiO-Ir is a highly active catalyst for

the C–H borylation of a wide range of activated and unactivated

arenes, including halogenated-, alkyl-, and alkoxy-arenes using

B2pin2. The higher activity of bpy-UiO-Ir as compared to the anal-

ogous homogeneous catalyst [(CO2Me)2bpy]Ir(COD)(OMe) is likely

due to the active site isolation which prevents any intermolecular

deactivation pathways. Impressively, at a 2 mol% catalyst loading,

bpy-UiO-Ir could be recovered and reused for the borylation of m-

xylene at least 20 times without significant loss of catalytic activity

or MOF crystallinity. In addition, the heterogeneous nature of bpy-

UiO-Ir was also confirmed by several experiments.

Based on the above work, Lin and co-workers further devel-

oped three robust and porous bipyridyl- and phenanthryl-based

metal−organic frameworks of UiO topology (BPV-MOF, mBPV-MOF,

Scheme 9. bpy-UiO-Ir and mBPV-MOF-Ir-catalysed aromatic C–H borylation of

arenes. Reproduced with permission [42]. Copyright 2014, American Chemical Soci-

ety. Reproduced with permission [43]. Copyright 2015, American Chemical Society.

and mPT-MOF) (Scheme 9b) [43]. The post-synthetic metalation of

these MOFs with [Ir(COD)(OMe)]2 afforded three Ir-functionalized

MOFs, which are highly active catalysts for the C−H borylation of a

series of arenes and heteroarenes using B2pin2. Importantly, mBPV-

MOF-Ir exhibited high TONs of up to 17,000 and could be recycled

>15 times.

Besides the bipyridine ligand, the phosphine ligand could

also be immobilized on the MOF support. In 2016, Lin and co-

workers developed a porous triarylphosphine-based metal−organic

framework, whose postsynthetic metalation with [Ir(COD)(OMe)]2
afforded a MOFs-stabilized mono(phosphine)-Ir complexes (P1-

MOF−Ir), which exhibited excellent catalytic activity for the C−H

borylation of arenes (Scheme 10a) [44].

Three years later, Lin and co-workers employed a similar MOF-

stabilized mono-phosphine-Ir catalyst (Zr-P1-Ir) as a highly active

catalyst for methane borylation to afford the monoborylated prod-

uct (Scheme 10b) [45]. Remarkably, Zr-P1-Ir significantly outper-

formed other Ir catalysts in methane borylation to exclusively af-

ford CH3Bpin with a TON of 127 at 110 °C. In addition, Zr-P1-Ir

could be recovered as a crystalline solid from the methane bo-

rylation reaction mixture via centrifugation and reused in sub-

sequent cycles of methane borylation with some decreases in

B2pin2 conversions, CH3Bpin yields, and TONs. Experimental and

computational studies revealed that MOF stabilizes the homoge-

neously inaccessible, low-coordinate (P1)Ir(Boryl)3 catalyst to pro-

vide a unique strategy to significantly lower the activation barrier

of methane borylation. The reaction is proposed to begin with the

4
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Scheme 10. P1-MOF-Ir-catalysed aromatic C–H borylation of arenes and Zr-P1-Ir-

catalysed C–H borylation of methane. Reproduced with permission [44]. Copyright

2016, American Chemical Society. Reproduced with permission [45]. Copyright 2019,

American Chemical Society.

oxidative addition of (P1)IrIII(boryl)3, which cleaves the C−H bond

of methane, forming a six-coordinate (P1)IrV(boryl)3(CH3)(H) inter-

mediate. Reductive elimination of this IrV intermediate produces

(P1)IrIII(boryl)2(H) and the CH3Bpin product. The regeneration of

the (P1)IrIII(boryl)3 catalyst involves another IrIII/IrV oxidative ad-

dition and reductive elimination cycle, in which one B2pin2 is con-

sumed and one HBpin is produced as a byproduct.

New and active earth-abundant metal catalysts are critically

needed for sustainable chemical synthesis. Based on their previ-

ous works on heterogeneous MOF-Ir catalysis, Lin and co-workers

further explored the cobalt-bipyridine- and cobalt-phenanthroline-

based metal−organic framework catalysts for the arene C−H bory-

lation (Scheme 11a) [46]. The same group also reported the prepa-

ration of a highly active and reusable single-site solid catalyst,

UiO-68-CoCl, which showed high catalytic activities for the ben-

zylic C–H borylation of alkylarenes (Scheme 11b) [47]. With a 1.0

mol% Co loading, the UiO–Co catalyst can be reused at least five

times for the borylation of p-xylene. Based on experimental ob-

servations, the proposed mechanism begins with the reaction of

the ‘Zr3-μ4–O-Co-Cl’ moiety in UiO–CoCl with NaEt3BH, generat-

ing the active UiO–CoH species. A subsequent σ -bond metathesis

between Co-H and B2pin2 forms Zr3-μ4–O-Co-Bpin species. This

species then reacts with the alkylarene in a four-centered turnover-

limiting step involving a [2σ +2σ ] cycloaddition of the ‘Co–Bpin’

bond with the ‘H–CH2Ar’ bond of the alkylarene, producing ben-

zyl boronates and regenerating UiO–CoH. Despite the electron-

deficient Co catalyst favoring electron-rich aryl C–H bonds, the

Scheme 11. mPT-MOF-Co-catalysed aromatic C–H borylation of arenes and UiO-68-

CoCl-catalysed benzylic C–H borylation of alkylarenes. Reproduced with permission

[46]. Copyright 2016, American Chemical Society. Reproduced with permission [47].

Copyright 2016, Springer Nature.

Scheme 12. Zr6O4(OH)4(bpydc)6(Ir(COD)BF4)0.6-catalysed C–H borylation of arenes.

Reproduced with permission [48]. Copyright 2015, American Chemical Society.

steric hindrance from the three phenyl rings around the Co center

directs the selective binding to less-hindered benzylic C–H bonds.

In parallel with Lin’s work, in 2015, Long and

co-workers reported a similar work employing

Zr6O4(OH)4(bpydc)6(Ir(COD)BF4)0.6 as the precatalyst for the

C−H borylation of arenes using HBpin as the boron source under

neat conditions (Scheme 12) [48]. Catalyst cycling experiments

showed no significant loss in activity over five cycles.
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Scheme 13. UiO-67-Mix-Ir-catalyzed C–H borylation of methane. Reproduced with

permission [49]. Copyright 2018, Springer Nature.

Scheme 14. CAU-27-BIPY-Ir-catalysed C–H borylation of arenes. Reproduced with

permission [51]. Copyright 2019, John Wiley and Sons.

By employing a mixed-linker ‘doping’ method, a UiO-67-like

MOF, UiO-67-Mix, was prepared by Farha and co-workers in 2018

(Scheme 13) [49]. The subsequent metalation of UiO-67-Mix with

[Ir(COD)(μ-Cl)]2 yielded initially a green inactive catalyst UiO-67-

Mix-Ir-green, which was spontaneously oxidized in air to generate

UiO-67-Mix-Ir, an orange microporous MOF-supported iridium(III)

catalyst. UiO-67-Mix-Ir exhibited good catalytic activity in methane

borylation to afford monoborylated methane CH3Bpin in 19.5%

yield (TON = 67) in dodecane, at 150 °C and 34 atm of methane.

The high chemoselectivity for the monoborylation of methane is

ascribed to the shape-selective effect of the microporous MOF pore

structures. In 2020, a detailed mechanistic investigation on UiO-

67-Mix-Ir-catalysed C–H borylation of arenes was reported by the

same group [50].

During the investigation of green and sustainable solvents for

the synthesis of Zr-MOFs, Stock and co-workers discovered two

new crystalline compounds (CAU-26 and CAU-27-BDC) upon re-

acting terephthalic acid (H2BDC) and zirconium acetate in pure

acetic acid under solvothermal conditions (Scheme 14) [51]. Two

isoreticular derivatives of CAU-27 (CAU-27-BPDC and CAU-27-

BIPY) with extended linker molecules were also synthesized by

implementing 4,4′-biphenyldicarboxylic acid (H2BPDC) and 5,5′-
dicarboxy-2,2′-bipyridine (H2BIPY). CAU-27-BIPY was loaded with

[Ir(COD)(OMe)]2 through post-synthetic metalation to create CAU-

27-BIPY-Ir, an efficient heterogeneous catalyst for the C–H bory-

lation of arenes with various functional groups. Notably, CAU-27-

Scheme 15. Co@PCN-308-catalyzed C–H borylation of arenes. Reproduced with per-

mission [52]. Copyright 2019, the Royal Society of Chemistry.

BIPY-Ir demonstrates better recycling performance than the well-

known UiO-67-BIPY-Ir. It has be reused twice in the borylation of

toluene with a slight loss of catalytic activity in the second run and

a significant loss in the third run.

In 2019, Zhou and co-workers reported a Zr-based mesoporous

MOF with predictable β-cristobalite topology, PCN-308, which

was prepared by using a tritopic terpyridine-based linker (H3TPY)

(Scheme 15) [52]. The facile post-synthetic metalation of PCN-308

with Co(OAc)2 afforded the scaffolded MOF material Co@PCN-308,

which exhibits highly efficient catalytic activity for C–H borylation

of arenes with B2pin2. The catalyst can also be reused for at least

three cycles without significant loss of catalytic activity.

With the interest in developing robust base metal catalysts with

Schiff base ligands, in 2020, Manna and co-workers reported a

MOF-cobalt-catalyst, pyrim-MOF-Co, which was prepared by the

metalation of pyridylimine-functionalized zirconium-MOF (pyrim-

MOF) with CoCl2 followed by treatment of NaEt3BH (Scheme 16a)

[53]. Pyrim-MOF-Co was found to be an active catalyst for the aro-

matic C−H borylation of various arenes and heteroarenes using

B2pin2 and benzylic C−H borylation of alkylarenes using HBpin.

Impressively, pyrim-MOF-Co gave a TON of up to 2500 for the

aromatic C–H borylation of o-xylene and could be recovered and

reused at least 9 times without significant loss of catalytic ac-

tivity. Based on spectroscopic, kinetic, and computational stud-

ies, a mechanism was proposed. Initially, B2pin2 undergoes ox-

idative addition to the cobalt center of (pyrim)Co(THF), form-

ing (pyrim)Co(Bpin)2. This species then undergoes a turnover-

limiting σ -bond metathesis with the arene C−H bond, producing

(pyrim)Co(H)(Bpin) and arylboronate. Following this, coordination

of THF to the cobalt in (pyrim)Co(H)(Bpin) and subsequent reduc-

tive elimination regenerate the active state of the Co-catalyst, com-

pleting the catalytic cycle.

Two years later, a metal-organic framework supported mono-

ligated phosphine-cobalt complex, MOF-P-Co, was developed

by the same group as an active heterogeneous catalyst for

aromatic C–H borylation (Scheme 16b) [54]. Importantly, this

mono(phosphine)-Co catalyst gave a TON up to 30,000 and could

be recovered and reused at least 13 times. Very recently, they

reported the Pyrim-UiO-IrH MOF, a highly robust and effective

heterogeneous catalyst for the C–H borylation of methane, yield-

ing CH3Bpin in nearly quantitative amounts with a TON of 196

(Scheme 16c) [55]. The Pyrim-UiO-Ir catalyst can be recycled and

reused at least five times while maintaining consistent activity and

showing no significant changes in structure or crystallinity.

By employing a dispersing-etching strategy, Li and co-workers

successfully prepared A-Pt NB, an amorphous nanobox (NB) with

high-density atomic platinum species by cation exchange with

the ZIF-8 (ZIF= zeolitic imidazolate framework) precursor (Scheme

17a) [56]. The high-density atomic Pt nanoboxes exhibit excellent

6



S. Tang, Z. Wang, M. Zhu et al. Chinese Chemical Letters 36 (2025) 110503

Scheme 16. Pyrim-MOF-Co-catalyzed aromatic C–H borylation of arenes and ben-

zylic C–H borylation of alkylarenes, MOF-P-Co-catalyzed C–H borylation of arenes,

and Pyrim-UiO-IrH-catalyzed C–H borylation of methane. Reproduced with permis-

sion [53]. Copyright 2020, American Chemical Society. Reproduced with permission

[54]. Copyright 2022, John Wiley and Sons. Reproduced with permission [55]. Copy-

right 2024, the Royal Society of Chemistry.

performance for the C–H borylation of a diverse range of arenes

with different substituents. The catalyst maintained its activity

well after three cycles without requiring any additional reactiva-

tion. Dhakshinamoorthy and co-workers reported that the com-

mercially available MOF Cu3(BTC)2 is an effective heterogeneous

catalyst to promote benzylic and aromatic C–H borylation of arenes

(Scheme 17b) [57]. The activity of Cu3(BTC)2 was retained over two

reuses, with no changes in conversion rates or product distribu-

tions.

Recently, based on a Zr–phosphine oxide-based MOF (TPO-

MOF), Wang and co-workers reported the synthesis of TPP-

MOL, a phosphine-containing metal-organic layer (MOL) con-

structed from Hf6-oxo secondary building units (SBUs) and tris(4-

carboxylphenyl)phosphine (TPP) ligands (Scheme 17c) [58]. The

metalation of TPP-MOL with [Ir(COD)Cl]2 produced TPP-MOL-Ir, a

highly effective heterogeneous catalyst for the C–H borylation of

arenes, including sterically demanding ones that are challenging

Scheme 17. A-Pt NB-catalyzed aromatic C–H borylation of toluene, Cu3(BTC)2-

catalyzed benzylic and aromatic C–H borylation of arenes, and TPP-MOL-Ir-

catalyzed C–H borylation of arenes. Reproduced with permission [58]. Copyright

2023, the Royal Society of Chemistry.

Scheme 18. Co-MOF-catalyzed C–H borylation of arenes. Reproduced with permis-

sion [59]. Copyright 2024, American Chemical Society.

for 3D MOF catalysts. TPP-MOL-Ir can be reused three times for

the borylation of chlorobenzene without any loss of catalytic ac-

tivity. However, its activity decreases significantly after the fourth

use.

Selective direct dehydrogenative borylation of alkenes is a valu-

able method for synthesizing vinyl boronic esters. Very recently,

Bose and co-workers reported a dehydrogenative borylation of ter-

minal alkenes using a cobalt-metal-organic framework (Co-MOF)

as the catalyst and dimethylformamide as a hydrogen scavenger

(Scheme 18) [59]. Notably, the catalyst could be reused up to five

times with no significant loss in activity.

2.4. COFs-supported metal catalysts and COFs-based photocatalyst

Owing to their tunable compositions, structures, functions,

and porosity, covalent organic frameworks (COFs) have emerged

as robust materials for various applications, especially catalysis.

In 2018, Cui and co-workers prepared a series of two-, three-

, and four-component 2D COFs with AA, AB, or ABC stacking
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Scheme 19. Ir-4-iPr-catalyzed C–H borylation of arenes. Reproduced with permis-

sion [60]. Copyright 2018, American Chemical Society.

by co-condensation of triamines with and without alkyl sub-

stituents (ethyl and isopropyl) and di- or trialdehyde building

blocks (Scheme 19) [60]. The layer stacking and chemical stabil-

ity of these 2D COFs were controlled by managing interlayer steric

hindrance via a multivariate (MTV) approach. The post-synthetic

metalation of three 2,2′-bipyridyl-derived COFs (4-iPr, 4-Et, 4-H)

with [Ir(COD)(OMe)]2 gave three Ir-COFs, Ir-4-iPr, Ir-4-Et and Ir-4-

H, which were active catalysts for the C−H borylation of arenes

and heteroarenes. Owing to its increased porosity and chemical

stability, Ir-4-iPr exhibits much higher catalytic activity than Ir-4-

Et and Ir-4-H. Notably, Ir-4-iPr can be reused at least ten times

in the borylation of 3-(trifluoromethyl)anisole without loss of cat-

alytic activity.

In 2019, Voort and co-workers reported a heterogeneous

arene borylation catalyst prepared by the post-metalation of

a bipyridine-based metal-modified covalent triazine framework

(bipyCTF) with [Ir(OMe)(cod)]2, which could be reused for at

least five cycles without significant loss of activity (Scheme 20a)

[61]. In the same year, Ma and co-workers prepared an iridium-

immobilized framework catalyst via the immobilization of catalyt-

ically active iridium ions on a two-dimensional covalent organic

framework with bipyridine moieties using a programmed synthetic

procedure (Scheme 20b) [62]. This catalyst exhibits excellent activ-

ity for the C–H borylation of arenes and can be reused for up to

four catalytic cycles while maintaining its activity.

Recently, based on Leonori’s work [63], Banerjee and co-

workers reported the visible-light-driven metal-free C−H bory-

lation of azines with Me3N−BH3 using highly stable β-keto-

enamine-based COFs as polymeric pigment photocatalysts (Scheme

21) [64]. Three different COFs TpAzo, TpDpp, and TpTab were syn-

thesized following the solvothermal approach previously reported,

in which TpAzo COF exhibits the highest catalytic activity because

of its highest surface area, broader absorbance, and low band gap.

The yields of the products are maximized near the COF’s absorp-

tion maxima indicating that the light absorbance capacity of the

COF plays a critical role during catalysis. Keto-enamine tautomer-

ization imparts the desired stability to the COF backbone dur-

ing catalysis, barring it from photo- and chemical decomposition.

Scheme 20. Ir(I)@bipyCTF- and Ircod(I)@Py-2,2′-BPyPh COF-catalyzed C–H boryla-

tion of arenes.

Therefore, TpAzo COF could be easily recovered from the reac-

tion mixture by centrifugation and reused as the solid photocat-

alyst for the same reaction for five cycles. A similar mechanism to

that of the homogeneous counterpart has been proposed. In this

mechanism, the one-electron reduction of ammonium persulfate

by COFs in an excited state generates sulfate radicals. These rad-

icals then abstract a hydrogen atom from trimethylamine–borane,

producing a boryl radical. This boryl radical couples with the pro-

tonated azine ring via a “Minisci addition” to form a radical cation,

A. The radical cation then undergoes rearomatization to produce

the final product, B, through one of two pathways: (i) one-electron

oxidation by the photogenerated hole of the COF followed by pro-

ton elimination, or (ii) one-electron oxidation by the persulfate fol-

lowed by proton elimination.

2.5. Organic polymer-supported FLP and metal catalysts

To generate heterogeneous supported frustrated Lewis pair

(FLP) catalysts for the C–H borylation of heteroarenes [65,66],

in 2019, Fontaine and co-workers prepared P-Me, P-Et, and P-

Pip, three polymeric versions of previously developed ansa-N,N-

dialkylammoniumtrifluoroborate ambiphilic molecules based on

the styrene motif (Scheme 22a) [67]. These heterogeneous precata-

lysts could enable the C–H borylation of electron-rich heteroarenes

although their activity is lower than the homogeneous analogues.

Moreover, polymer P-Et proved durable conserving the same cat-

alytic activity after three runs.

Recently, two porous organic polymers (POPs) based on

polystyrene-bearing bipyridine ligands, bpy-PS-POP and bpy-tBuPS-

POP, were synthesized by Kegnæs and co-workers (Scheme 22b)

[68]. The metal ligation of the POPs with [Ir(cod)Cl]2 created ac-

tive catalysts enabling the C–H borylation of arenes. The system

was recyclable for up to three consecutive recycles, albeit the ac-

tivity was lost upon further usage.

2.6. Metal oxide- and zeolite-supported metal catalysts

With reference to the previously reported homogeneous

copper-carbenes-catalyzed dehydrogenative borylation of styrenes

[69], in 2019, Yamaguchi and co-workers reported a heterogeneous

copper-catalyzed dehydrogenative borylation of styrene deriva-

tives with B2pin2 under ligand- and base-free conditions (Scheme

23a) [70]. Various β-monoborylstyrenes were obtained by using

8
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Scheme 21. Visible-light-driven TpAzo-catalyzed C–H borylation of azines. Repro-

duced with permission [64]. Copyright 2023, American Chemical Society.

Cu(OH)x/CeO2 as the catalyst and benzophenone as HBpin accep-

tor, while the combination of Cu(OH)x/Al2O3 and 2-adamantanone

with increased amount of B2pin2 afforded β ,β-diborylstyrenes.

The catalysts could be reused several times, though their catalytic

performance gradually declined. By using a highly dispersed Ni

hydroxide species supported on CeO2 as the catalyst, the same

group achieved the benzylic C−H borylation of alkylarenes using

HBpin as the borylating agent (Scheme 23b) [71]. The reusability

of Ni(OH)x/CeO2 was also tested, but a significant loss of catalytic

activity was observed during the reuse experiments.

In 2022, Qi and co-workers reported a zeolite-supported lan-

thanide La(BH4)x-HY30 catalyzed C–H borylation of benzene with

HBpin (Scheme 24) [72]. A turnover number of 167 is accessed

by capping external silanols, selectively grafting at BAS sites, and

adding HBpin slowly to the reaction.

Scheme 22. P-Pip-catalyzed C–H borylation of heteroarenes and Ir/bpy-PS-POP-

catalyzed C–H borylation of arenes.

Scheme 23. Cu(OH)x/CeO2- and Cu(OH)x/Al2O3-catalysed dehydrogenative boryla-

tion of styrene derivatives and Ni(OH)x/CeO2-catalysed benzylic C–H borylation of

alkylarenes.

Scheme 24. La(BH4)2(THF)2.5-TPS-HY30-catalysed C–H borylation of benzene.

Scheme 25. Nano-Ir(0)- and Nano-Fe2O3-catalysed C–H borylation of arenes.

2.7. Others

Owing to their high surface areas and high density of ac-

tive sites, nanoscale metal particles have been widely explored as

catalysts [73]. In 2008, Maguire and co-workers prepared well-

dispersed iridium(0) nanoparticles stabilized by the ionic liquid

via the reduction of a hydridoiridium carborane precursor (Scheme

25a) [74]. The obtained iridium nanoparticles were found to be ac-

tive catalysts for the C–H borylation of arenes and could be reused

>6 times with essentially no loss in activity.

In 2010, Wang and co-workers reported a γ -Fe2O3

nanoparticles-catalyzed aromatic C–H borylation of arenes us-

ing B2pin2 as the borylating reagent under neat conditions

(Scheme 25b) [75]. Impressively, the regioselectivity in this reac-
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Scheme 26. Silica-SMAP/Pd-catalyzed C–X borylation of aryl halides.

tion is controlled by the electronic effect of the substituents but

not the steric effect, which is different from homogeneous Ir- and

Rh-catalysis.

3. Heterogeneous C–X borylation

Over the past three decades, Miyaura borylation has rapidly ad-

vanced since its first report in 1995 [6]. Initially, the electrophiles

used in Miyaura borylation were limited to organic halides (I, Br,

and Cl). However, the range has since expanded to include sub-

strates with various C–Het bonds (C–F, C–O, C–S, C–N) [9,11]. Re-

cent progress in heterogeneous C–X borylation has introduced new

methods for the efficient synthesis of organoboron compounds, in-

cluding C–Halo borylation of aryl, alkyl, and benzyl halides (I, Br,

Cl) and C–O borylation of alkyl, allyl, and benzyl acetates, as well

as propargyl carbonates.

3.1. Pd catalysts

By employing their previously developed Silica-SMAP, in

2011, Sawamura and co-workers reported a heterogeneous Silica-

SMAP/Pd-catalyzed borylation of aryl chlorides and bromides with

B2pin2 (Scheme 26) [76]. Remarkably, sterically and electronically

challenging aryl halides were suitable substrates in this borylation

reaction. This silica-SMAP/Pd catalytic system is comparable to or

exceeds that of homogeneous palladium systems with biphenyl-

based “bulky” phosphane ligands such as XPhos and SPhos in

the borylation of moderately challenging substrates such as 2,6-

dimethylchlorobenzene. The borylation of several sterically ex-

tremely challenging substrates including 2,4,6-triethyl- and 2,4,6-

triisopropylchlorobenzenes was achieved for the first time. Unfor-

tunately, attempts to reuse the catalysts were unsuccessful.

In the following year, Sarkar and co-workers reported that pal-

ladium nanoparticles generated in PEG could catalyze the boryla-

tion of aryl and benzyl halides with B2pin2 under solvent-free and

ligand-less conditions (Scheme 27a) [77]. Recycling experiments

showed a decrease in yield, from 72% in the first cycle to 40% in

the fifth cycle, indicating a deterioration of the catalyst.

In 2014, Pagliaro and co-workers reported a sol-gel entrapped

SiliaCat diphenylphosphine palladium (SilicaCat DPP-Pd) catalyzed

borylation of aryl chlorides, bromides, and iodides with B2pin2

(Scheme 27b) [78]. A wide range of functional groups were toler-

ated with very low (<5ppm) leaching of valued Pd during cataly-

sis. This transformation can also be conducted underflow, allowing

the fast and clean borylation of aryl halides [79]. This catalyst de-

composes upon reuse, although it generally performs effectively for

up to four catalytic cycles, producing the desired product in nearly

quantitative yield each time.

Scheme 27. Heterogeneous Pd-catalyzed C–X borylation of aryl and benzylic

halides.

By employing a hierarchical SiC nanowire-supported Pd

nanoparticles catalyst, in 2020, Guo and co-workers achieved the

borylation of aryl bromides and iodides with B2pin2 under visible

light irradiation and mild conditions (Scheme 27c) [80]. The SiC/Pd

Mott-Schottky contact enhances the rapid transfer of the photo-

generated electrons from SiC to the Pd nanoparticles resulting in

concentrated energetic electrons in the Pd nanoparticles, which

can facilitate the cleavage of C–Halo bonds. Importantly, the Pd/SiC

catalyst could be recovered and reused for five cycles with no mea-

surable loss in catalytic activity.

3.2. Cu catalysts

Copper-based catalysts are quite attractive in C–X borylation

due to their low toxicity, low environmental impact, high abun-

dance, and low cost. In 2014, Chung and co-workers reported the

borylation of primary and secondary alkyl bromides with B2pin2

employing commercially available copper nanoparticles (Cu NPs)

as the catalyst under ligand-free and room-temperature conditions

(Scheme 28a) [81]. The observation of the ring-opening product

in the reaction of cyclopropylmethyl bromide supported a radical-

involved pathway. One year later, Xu and co-workers reported a

carbon black (CB) supported Cu2O nanoparticles (Cu2O NPs/CB)

catalyzed borylation of primary and secondary alkyl bromides us-

ing B2pin2 or B2(neop)2 under mild and ligand-free reaction condi-

tions (Scheme 28b) [82]. Notably, this catalyst could be recovered

from the reaction mixture by centrifugation and reused for three

cycles with only a slight decrease in catalytic activity.

By using a magnetically separable dopamine (DOPA) func-

tionalized nano-ferrite-supported Cu nanoparticles (Fe-DOPA-Cu

NPs) catalyst, in 2020, Bose and co-workers achieved the bory-

lation of alkyl chlorides, bromides, and iodides with B2pin2 un-

der mild reaction conditions (Scheme 28c) [83]. Three years later,

the same group reported the borylation of alkyl and aryl halides

with B2pin2 by employing nitrogen-doped carbon nanotubes (N–

CNT) supported copper nanoparticles (Cu/N–CNT) and carbon nan-

otubes (CNT) supported copper nanoparticles (Cu/CNT) respectively

(Scheme 28d) [84]. Radical clock experiments revealed that both

reactions proceeded via a radical-mediated process. Importantly,

no significant loss of activity was observed after ten runs of cat-

alyst recycling for both Fe-DOPA-Cu NPs and Cu/N–CNT catalysts.

In 2021, Cid and co-workers reported the borylation of both

aliphatic and aromatic halides with B2pin2 catalyzed by graphite

nanoplatelets (GNP) supported Cu(I) materials (Scheme 28e) [85].
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Scheme 28. Heterogeneous Cu-catalyzed C–X borylation of aryl and alkyl halides.

Scheme 29. Heterogeneous bimetallic catalysts-catalyzed C–X borylation of aryl

and alkyl halides.

These materials are easily recyclable for at least four cycles, and

the reactions are scalable. An interesting synergetic performance

of Cu2O when anchored to a graphenic support was revealed by a

detailed study of all the possible catalytic species and DFT calcula-

tions.

3.3. Bimetallic catalysts

By using commercially available, superparamagnetic copper fer-

rite nanoparticles, in 2016, Park and co-workers reported the bo-

rylation of aryl iodides and β-bromostyrenes with B2pin2 un-

der ligand-free conditions (Scheme 29a) [86]. Five years later,

the same group prepared a mixed metal–metal oxide/C (Ag–Cu–

Cu2O/C) nanocomposites by the heat treatment of a metal-organic

framework Cu-BTC under a N2 flow using the one-pot synthesis

method (Scheme 29b) [87]. This Ag–Cu–Cu2O/C catalyst showed

high photocatalytic activity towards the borylation of aryl iodides

under a xenon arc lamp and could be recycled seven times with-

out any significant decrease in product yield or change in particle

size.

In 2021, Guo and co-workers reported a graphene-supported

Cu/Pd alloy nanoparticles (Cu2.8Pd0.2/graphene) catalyzed photo-

catalytic borylation of primary and secondary alkyl bromides and

chlorides with B2pin2 or B2(neop)2 with visible light in the air

(Scheme 29c) [88]. The synergistic effect of localized surface plas-

mon resonance (LSPR) of Cu and charge transfer from Cu to Pd

due to the alloy surface charge heterogeneity of the Cu-Pd alloy

nanoparticles surface is critical for the high performance of this

heterogeneous catalyst. Notably, the Cu2.8Pd0.2/graphene catalyst

could be recovered and reused for five cycles with no measurable

loss in catalytic activity.

3.4. Metal oxide-supported Au catalyst

Transition-metal-catalyzed borylation of C(sp3)−X bonds is one

of the most promising methods for preparing important allyl, ben-

zyl, and allenylboron compounds, in which major efforts have been

devoted to homogeneous catalysis with only one heterogeneous

example reported by Morken and co-workers on Pd/C-catalyzed

borylation of allyl chloride [89]. In 2021, Shishido and co-workers

reported an Au/TiO2 (Au nanoparticles supported on TiO2) cat-

alyzed C–O borylation of allyl and benzyl acetates, and propar-

gyl carbonates giving the corresponding allyl, benzyl, and allenyl

boronic esters in high yields under mild phosphine- and base-free

conditions (Scheme 30a) [90]. Remarkably, allylic and benzylic al-

cohols were also suitable substrates. This Au/TiO2 catalyst exhib-

ited high reusability, and no significant decreases in product yields

were confirmed in four consecutive catalytic runs for both allyl and

allenyl boronate synthesis. Based on a Hammett study and control

experiments, an SN1’-type mechanism has been proposed. Initially,

diboron adsorbs onto the surface of gold nanoparticles (Au NPs),

where the interaction between the oxygen atom of the boronate

and the Lewis-acidic Au NPs enhances the Lewis acidity of the

boron atom. Next, the ester and alkene groups in allyl esters co-

ordinate with the boronate and the Au surface, respectively. This

coordination triggers the cleavage of the C−O bond, generating

an allyl cation and simultaneously forming a tetra-coordinated bo-

rate. The diborane-base adducts then release a nucleophilic boryl

species. This activated boron species adds to the alkene moiety,

and subsequent bond isomerization results in the formation of allyl

boronates.

Very recently, building on their previous work [91,92], Shishido

and co-workers advanced the C–O borylation of unactivated alkyl

acetates using a supported Au catalyst (Au/ZrO2) (Scheme 30b)

[93]. The success of this transformation is attributed to the gen-

eration of alkyl radicals from alkyl acetates in the presence of the

supported Au catalyst and disilane. Remarkably, the Au/ZrO2 cata-
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Scheme 30. Au/TiO2-catalyzed C–O borylation of allyl and benzyl acetates, and

propargyl carbonates, and Au/ZrO2-catalyzed C–O borylation of unactivated alkyl ac-

etates.

lyst demonstrated excellent reusability for the borylation of alkyl

acetates, maintaining product yield over four consecutive catalytic

runs with no significant decrease.

3.5. Ni catalysts

In 2023, Lin and co-workers reported a COF-based energy trans-

fer Ni catalysis for the C–X borylation of aryl iodides and bromides

(Scheme 31a) [94]. They synthesized a pyrene-based COF with sp²
carbon conjugation, which coordinated NiII centers via bipyridine

moieties to form the NiCN catalyst. Remarkably, NiCN exhibited

two orders of magnitude higher efficiency compared to its homo-

geneous counterpart and could be recovered and reused at least

three times with minimal loss of catalytic activity. The proposed

mechanism involves an energy transfer process: NiII is first photo-

reduced by pyrenes in NiCN using diisopropylethylamine (DIPEA)

as a reductant. The resulting Ni0-bipyridine complex undergoes ox-

idative addition with an aryl halide to form a NiII-aryl complex.

Upon photoexcitation, the pyrene transfers energy to the NiII-aryl

complex, facilitating the cleavage of the Ni–C bond and generating

an aryl radical. This radical is captured by B2pin2 to produce the

borylation product, while the remaining B2pin2 leaves as a boron

radical anion, which reduces NiI to Ni0, completing the catalytic

cycle.

Very recently, Bose and co-workers developed a C–X borylation

method using a nickel-benzene tricarboxylic acid metal–organic

framework (Ni-BTC MOF) as the heterogeneous catalyst (Scheme

Scheme 31. Photoinduced NiCN-catalyzed, and Ni-BTC MOF-catalyzed C–X boryla-

tion of aryl halides. Reproduced with permission [94]. Copyright 2023, John Wiley

and Sons.

31b) [95]. This approach demonstrates broad functional group tol-

erance, and the catalyst can be recycled up to four times.

3.6. COF photocatalyst

In 2023, Chen and co-workers reported the photocatalytic

borylation of aryl iodides with B2pin2 employing pyrene-based,

nitrogen-rich, and imine-linked 2D COFs (N–COFs) as the photo-

catalyst under visible light irradiation (Scheme 32) [96]. Among

the three N–COFs they prepared, 6N–COF exhibits excellent pho-

tocatalytic efficiency and superior recyclability, which could be at-

tributed to its proper energy levels, broader light absorption, and

high specific surface area. Notably, 6N–COF could be reused at least

10 times while preserving its catalytic activity.

4. Conclusion and outlook

In summary, the synthesis of organoboron compounds via het-

erogeneous C–H and C–X borylation has gained significant devel-

opment in recent years. Aromatic, benzylic, and methane C–H bo-

rylation employing heterogeneous catalysts based on various sup-

ports such as carbon material, silica, MOFs/COFs material, metal

oxide, zeolite, organic polymer, and so on have been developed

for the efficient synthesis of organoboron compounds. Meanwhile,

diverse aryl, alkyl, allyl, benzyl, and propargyl electrophiles have

been converted to the corresponding organoboron compounds by
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Scheme 32. Visible-light-driven 6N–COF-catalysed C–X borylation of aryl iodides.

C–X borylation employing various heterogeneous catalysts. Most

of these heterogeneous catalysts show high activities in C–H and

C–X borylation with good recycling properties. Although remark-

able progress has been achieved, further research such as hetero-

geneous C–H borylation based on non-noble metals, heterogeneous

site-selective C–H borylation of aliphatic C–H bonds besides ben-

zylic C–H bonds and methane, heterogeneous C–X borylation of

alcohols, phenols, ethers and amines, the comprehensive under-

standing of the original relationship between structural and the

chemo- and regioselectivity and so on is still expected in this

merging area. We believe that the continuous development of het-

erogeneous transformations will provide more practical and effi-

cient methods for the preparation of organoboron compounds [28].
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