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Problems of the Day
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Predict the Major Site of Borylation



Outline
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Outline
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Introduction

Aryl Boronic Compounds in Organic Chemistry
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Introduction

Conventional Borylation Methods
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Introduction

C-H Borylation Methods
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Introduction

Ir-Catalyzed Borylation
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Outline
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History of Discovery

Heat for C-H Activation

Activation of C-H Bonds with 16e- Organometallic Species

Metal-Boryls-Mediated C-H Borylation

10

J. Am. Chem. Soc. 1982, 104, 352–354

Science 1997, 277, 211. Angew. Chem., Int. Ed. 1999, 38, 3391. 



History of Discovery

First Ir-Catalyzed Aromatic Borylation

First Efficient Ru-Catalyzed Aromatic Borylation

11

J. Am. Chem. Soc. 1999, 121, 7696. 

Science 2000, 287, 1995



History of Discovery

Discovery of Bipyridine-Ir System for Catalytic Aromatic Borylation

• Room Temperature Reaction with [Ir(COE)2Cl]2 

and dtbpy

• TON as high as 8000 with [Ir(COE)2Cl]2 + dtbpy

12
J. Am. Chem. Soc., 2002, 124, 390-391



History of Discovery

Mild, Catalytic Borylation of Aromatics with Stoichiometric Substrate

13Angew. Chem. Int. Ed. 2002, 41, 3056-3058



Outline
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Mechanistic Understanding

Isolation of Potential Intermediate

• Induction Period Observed

• COD converted to COE during the induction period 

• [Ir(COE)2Cl]2 reacts faster than [Ir(COD)Cl]2

COE-Coordinated-Ir might be an intermediate or resting state
15

J. Am. Chem. Soc., 2002, 124, 390-391



Mechanistic Understanding

Isolation of Potential Intermediate

Ir(COE)(dtbpy)Bpin3 is an intermediate or resting state

• Intermediate Observed in reaction identical 
to synthesized complex

• No Induction Period Observed

• Identical KIE and Selectivty

16J. Am. Chem. Soc., 2002, 124, 390-391



Mechanistic Understanding

Plausible Reaction Pathway

17J. Am. Chem. Soc., 2005, 127, 14263-14278



Mechanistic Understanding

Distinguishing Ir(I) - Ir(III) versus Ir(III) - Ir(V) Pathways 

Labeling Studies

Inconsistent with Ir(I) Pathway 18



Mechanistic Understanding

Kinetic Order Analysis: 

First Order in Arene Half Order in Catalysts Zero Order in Diboron

Rate Limiting Step is or is 
after C-H Activation

Rate Limiting B2pin2

Elimination Excluded

B2pin2 Elimination in 
Equilibrium excluded

( Negative Order Expected)

COE Dissociation

19J. Am. Chem. Soc., 2005, 127, 14263-14278



Mechanistic Understanding

20J. Am. Chem. Soc., 2005, 127, 14263-14278



Mechanistic Understanding

Complete Mechanism of C-H Activation

DFT calculation supports a hepta-
coordinated Intermediate

21J. Am. Chem. Soc. 2003, 125, 16114-16126



Mechanistic Understanding

Important Features of oxidative addition

• Coordination and Addition Both 
Favors Electron Poor Arene

Important Features of Oxidative Addition

• 1,3-di-CF3-C6H4 reacts > 10 times 
faster than 1,3-di-Me-C6H4

22
J. Am. Chem. Soc. 2003, 125, 16114-16126



Outline
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General Selectivity

Simple Benzene Derivatives

Steric Effects Predominates

Selectivity under Ir-biyridine system

24

Electronic Effects Also Plays a Role

Angew. Chem. Int. Ed. 2020, 60, 2796-2821



General Selectivity

Selectivity under Ir-bipyridine system

25



General Selectivity

Selectivity under Ir-bipyridine system

26

N-H is Different

N-Coordination and N-H Metalation Excluded

J. Am. Chem. Soc. 2012, 134, 11350−11353



General Selectivity

Selectivity under Ir-bipyridine system

N-H is Different

N-H Hydrogen Bonding with the Ligand Bpin



General Selectivity

Five-membered Heterocyles

More Acidic α-Proton

28
Tett. Lett. 2002, 43, 5649–5651



General Selectivity

Six-membered Heterocyles

• Nearly statistical m/p ratio

• α-Bpin often not observed

• Reacts Slowly with Coordinating N

29
Tett. Lett. 2002, 43, 5649–5651



General Selectivity

Six-membered Heterocyles

Kinectic Studies

• First Order in Catalyst

• Zero Order in Arene

• Zero Order in Diboron

A Change in Mechanism

30J. Am. Chem. Soc. 2014, 136, 4287−4299



General Selectivity

Six-membered Heterocyles

Mechanistic Studies

• Substrate-Ligated Ir is the Dominant Species During Catalysis

31

J. Am. Chem. Soc. 2014, 136, 4287−4299



General Selectivity

Six-membered Heterocyles

• First Order in Catalyst

• Zero Order in Substrate

• Zero Order in Diboron

Saturation

Resting State Change

Rate Determining C-H Activation

Examination of Kinetic Studies

32
J. Am. Chem. Soc. 2014, 136, 4287−4299



General Selectivity

Six-membered Heterocyles
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General Selectivity

Origin for Lack of α-Borylation

Lack of α-Borylation is due to Fast Product Decomposition

34



General Selectivity

Examples on Selectivity of Borylation of Pyridine Derivatives

35



General Selectivity

Bicyclic Heterocycle: Benzo-fused-azines

Reaction at More Electron-Deficient Heterocycle

36

Chem. Sci., 2012, 3, 3505



General Selectivity

Benzo-fused-five-memebered Heterocycle

37
Tett. Lett. 2002, 43, 5649–5651



General Selectivity

Benzo-fused-five-memebered Heterocycle

38

J. Org. Chem. 2014, 79, 11254−11263

J. Am. Chem. Soc. 2006, 128, 15552-15553



General Selectivity

X-H Bond Matters：Aniline, Acidic Azoles

39

‘Abnormal’ Selectivity 

• More Diboron Needed for High Conversion 

• Gas Evolution Observed on Mixing

J. Am. Chem. Soc. 2014, 136, 4287−4299



General Selectivity

X-H Bond Matters：Aniline, Acidic Azoles

40

J. Am. Chem. Soc. 2014, 136, 4287−4299



General Selectivity

2

X-H Bond Matters：Aniline, Acidic Azoles

41

Ortho-selective Borylation

Angew. Chem. Int. Ed. 2013, 52, 12915 –12919



General Selectivity

2

X-H Bond Matters：Aniline, Acidic Azoles

42

Ortho-selective Borylation

Angew. Chem. Int. Ed. 2013, 52, 12915 –12919



Outline
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Directed Selectivity
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Directed Selectivity: Inner Sphere

Methods to achieve Substrate-Directed Borylation

45



Directed Selectivity: Inner Sphere

2

Monobidentate Ligand

• Reaction also proceeds with：

PCy3 (P/Ir =1:1 or 2:1), 
PPh3 (P/Ir=1:1) and PMe3 (1:1）

46
J. Am. Chem. Soc. 2009, 131, 5058–5059

(Sawamura)



Directed Selectivity: Inner-Sphere

Anionic Ligand
Previous Work

47
J. Am. Chem. Soc. 2015, 137, 8058−8061

(Pengfei Li)



Directed Selectivity: Inner Sphere

Anionic Ligand

48
J. Am. Chem. Soc., 2017, 139, 91–94



Directed Selectivity: Inner Sphere

Cyclometallated Catalysts

49

Chattopadhyay (2021)

J. Am. Chem. Soc. 2021, 143, 5022−5037



Directed Selectivity: Inner Sphere

Ligand-Free Cyclometallation

50
Chimia 2024, 78, 513–517



Directed Selectivity: Inner Sphere

Ligand-Free Cyclometallation

51



Directed Selectivity: Outer Sphere

52

Van der Waals Repulsion Driven Selectivity

Itami (2015)

J. Am. Chem. Soc., 2015, 137, 5193



Directed Selectivity: Outer Sphere
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Van der Waals Repulsion Driven Selectivity

Nakao (2017)

Angew. Chem. Int. Ed. 2017, 56, 4853 –4857



Directed Selectivity: Outer Sphere
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Electrostatic Driven Selectivity

J. Am. Chem. Soc. 2016, 138, 12759−12762

(Phillps, 2017)



Directed Selectivity: Outer Sphere
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Electrostatic Driven Selectivity

(Phillps, 2019)

J. Am. Chem. Soc. 2019, 141, 15477−15482



Directed Selectivity: Inner Sphere
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Coordinating Side-Chain Driven Selectivity

(Kanai, 2015)

Nat. Chem. 2015, 7, 712–717



Directed Selectivity: Outer Sphere
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Coordinating Side-Chain Driven Selectivity

J. Am. Chem.Soc., 2017, 139, 7745. Angew. Chem., Int. Ed., 2017, 56, 13351Angew. Chem. Int. Ed. 2017, 56, 1495 –1499 J. Am. Chem. Soc., 2019, 141, 7972.
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58

Predict the Major Site of Borylation
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