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Transition Metal Boryl Complexes
First structurally characterized metal boryl complex
(Merola, 1990)

+
O

HB
O

Ir

B
OO

H

PMe3

Me3P

Cl
Me3P

Two most common strategies to access transition metal bory ls is O.A and salt elimination

Organometallics 1990, 9, 3008-3010

Fe

OC CO

Na

XBR2
Fe

OC
OC

B
O

O
Fe

OC
OC

B
Ph

Ph

or
Fe

Me3P
Me3P

B
O

O

PMe3

hv
- CO

(Hartwig, 1993)

PMe3

PMe3
Ir

PMe3

Cl

JACS, 1993, 115, 4908Ð4909 Science 1997, 277, 211Ð213

LnM B

X

X

Basic bonding in transition metal boryl complexes

LnM B

X

X

Strong ! -donors

Poor ! -acceptor
(Energy of vacant

boryl centered !  orbital)

Aldridge and Willock: Organometallics 2002, 21, 1146-1157

Aldridge: Coord. Chem. Rev. 2004, 248, 535.

[IrH(PMe3)4] + 9-BBN dimer

Ir

PMe3

PMe3

PMe3

H

H B

(Baker and Marder, 1990)

J. Am. Chem. Soc.  1990, 112, 9399-9400



B

Transition Metal Boryl Complexes
First structurally characterized metal boryl complex
(Merola, 1990)

+
O

HB
O

Ir

B
OO

H

PMe3

Me3P

Cl
Me3P

Two most common strategies to access transition metal bory ls is O.A and salt elimination

Organometallics 1990, 9, 3008-3010

Fe

OC CO

Na

XBR2
Fe

OC
OC

B
O

O
Fe

OC
OC

B
Ph

Ph

or
Fe

Me3P
Me3P

B
O

O

PMe3

hv
- CO

(Hartwig, 1993)

PMe3

PMe3
Ir

PMe3

Cl

JACS, 1993, 115, 4908Ð4909 Science 1997, 277, 211Ð213

LnM B

X

X

Basic bonding in transition metal boryl complexes

LnM B

X

X

Strong ! -donors

Poor ! -acceptor
(Energy of vacant

boryl centered !  orbital)

Aldridge and Willock: Organometallics 2002, 21, 1146-1157

Aldridge: Coord. Chem. Rev. 2004, 248, 535.



B

Transition Metal Boryl Complexes
First structurally characterized metal boryl complex
(Merola, 1990)

+
O

HB
O

Ir

B
OO

H

PMe3

Me3P

Cl
Me3P

Two most common strategies to access transition metal bory ls is O.A and salt elimination

Organometallics 1990, 9, 3008-3010

Fe

OC CO

Na

XBR2
Fe

OC
OC

B
O

O
Fe

OC
OC

B
Ph

Ph

or
Fe

Me3P
Me3P

B
O

O

PMe3

hv
- CO

(Hartwig, 1993)

PMe3

PMe3
Ir

PMe3

Cl

JACS, 1993, 115, 4908Ð4909 Science 1997, 277, 211Ð213

LnM B

X

X

Basic bonding in transition metal boryl complexes

LnM B

X

X

Strong ! -donors

Poor ! -acceptor
(Energy of vacant

boryl centered !  orbital)

Aldridge and Willock: Organometallics 2002, 21, 1146-1157

Aldridge: Coord. Chem. Rev. 2004, 248, 535.



CÐH Borylation of Alkanes by Transition Metal Boryl Complexes
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Are boryl complexes highly reactive toward alkane CÐH  bonds because they are strong ! Ðdonors

or lewis acidic character?
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React with arenes in modest yield

Boryl group does alter photochemical generation 
of proposed 16 electron intermediate



Development of a Catalytic Photochemical Borylation of Alkanes
Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products
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Development of a Thermal CÐH Borylation
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Development of a Thermal CÐH Borylation
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Borylation of Primary over Secondary CÐH Bonds

Selectivity can arise from:

1) Selective and Irreversible C ÐH Cleavage
(selectivity of C ÐH bond cleavage would be the same as ratio of the final 

functionalized products)

2) Unselective C ÐH Cleavage followed by selective C ÐB bond formation 
from primary alkyl species
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H
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Reversible?
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R
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H
PinB H

Me

R

R

BPin

- Cp*Rh(H)2

- Cp*Rh(H)2

Does this step occur?

J. Am. Chem. Soc. 2010, 132, 3078Ð3091
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Borylation of Primary over Secondary CÐH Bonds

1¡ CÐH Bond (C ÐH Cleavage to place B and C cis to each other)

2¡ CÐH Bond (CÐH Cleavage to place B and C trans to each other

1) Alkyl intermediates are formed reversibly 
2) CÐH Cleavage occurs faster at primary C ÐH bonds

3) For secondary, isomerization and CÐ B R.E is rate -limiting

J. Am. Chem. Soc. 2010, 132, 3078Ð3091



Borylation of Primary over Secondary CÐH Bonds
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C(sp3)ÐH Borylation: Overview

W

OC CO
OC B

O

O Me

Me

Ir
BPin

BPin

BPin
N

N

Me
Me

Me
Me

N N

F

+ [Ir]

Hartwig 
Science 1997, 277, 211Ð213

Hartwig 
JACS, 2012, 134, 12422Ð12425

Ir
BPin

BPin

BPin
N

N

Hartwig 
Science 2020, 368, 736Ð741

Me

H

X
X

H

Hypothetical Lead Compound

O

O
P

Schley
JACS, 2020, 142, 6488Ð6492

O O Si

N

N
H

O

N
H

(R,R)

Receptor ligand

+

Sawamura 
Science 2020, 369, 970Ð974

H B(OR)2

HAT

- XH

X

Aggarwal
Nature 2020, 586, 714Ð719

HH



O

D

D

D
D [Ir]

B2Pin2

Ir
BPin

BPin
N

N

Me
Me

Me
Me

O

DD

D

Ir
BPin

BPin
N

N

Me
Me

Me
Me O

D
D

D

D

O

H

D

D
D

BPin

+ DBPin

O

D

D

D
D

BPin

+ HBPin

CÐH activation at 2-position
(not observed)

CÐH activation at 3-position

Potential pathways

Kinetic Isotope Effect Experiments

O

Dn

 B2Pin2+

4 mol % (! 6-mes)Ir(BPin)3
4 mol % Me4Phen

neat, 100 ¡C

O

Dn
BPin

Borylation of Secondary CÐH Bonds in Cyclic Ethers

O
O

O
D

D

D
DD

D

D
D

D
D

D

D

2.6 1.0 2.5

Relative Rate+ B
O

O
B

O

O

neat, 120 ¡C, 14 h

Ir

(! 6-mes)Ir(BPin)3
Me4Phen

83% yield

N

N

Me
Me

Me
MeMe4Phen

J. Am. Chem. Soc. 2012, 134, 12422Ð12425

Borylation of cyclic ethers
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Can Iridium complexes containing planar, strongly-dona ting bidentate ligands catalyzed 
the borylation of aliphatic bonds?
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Origin of the Difference in Reactivity between Iridium Catalysts
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Need for Active Catalyst to Avoid Large Excess of Substrate
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Relative rates: ca. 50 : 1: 1

Similar result for dibutyl ether
(primary CÐH bond)

2-mphen and 2,9-dmphen are less
active for arene borylation

HBpin inhibition observed: 
HBPin disproportionates to B 2Pin3
 and BH 3 (

11B NMR supports this)
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Mechanistic Studies
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Effect of deuterium position on induction period suggests mo dification of 
methyl group leads to active catalyst

Prior work shows borylation of bipyridines and phenanth rolines 
deactivate catalyst
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2,2Õ-Dipyridylarylmethane Ligands (Schley)
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Asymmetric Borylation of C(sp3)ÐH Bonds

Sawamura JACS, 2019, 141, 6817Ð6821
Sawamura Science 2020, 369, 970Ð974

N HH

Me

B
O

O
B

O

O
+

N OHH

Me

3 mol% [Ir(OME)(cod)2
3 mol% Ligand

CPME, 80¡C, 15 h

(- HBPIn)

then NaBO3! 4H2O

O

O
P O Me

Me

(R)-L1

30%, 30% ee

O

O
P O

(R)-L2

52%, 76% ee

O

O
P O

(R,R)-L3

83%, 99% ee
(2,6-lutidine 20 mol%)

2-3 equiv.

O

Si

Ligands Explored



Asymmetric Borylation of C(sp3)ÐH Bonds

Sawamura JACS, 2019, 141, 6817Ð6821
Sawamura Science 2020, 369, 970Ð974

N HH

Me

B
O

O
B

O

O
+

N OHH

Me

3 mol% [Ir(OME)(cod)2
3 mol% Ligand

CPME, 80¡C, 15 h

(- HBPIn)

then NaBO3! 4H2O

O

O
P O Me

Me

(R)-L1

30%, 30% ee

O

O
P O

(R)-L2

52%, 76% ee

O

O
P O

(R,R)-L3

83%, 99% ee
(2,6-lutidine 20 mol%)

2-3 equiv.

O

Si

Ligands Explored



Asymmetric Borylation of C(sp3)ÐH Bonds

Sawamura JACS, 2019, 141, 6817Ð6821
Sawamura Science 2020, 369, 970Ð974

N HH

Me

B
O

O
B

O

O
+

N OHH

Me

3 mol% [Ir(OME)(cod)2
3 mol% Ligand

CPME, 80¡C, 15 h

(- HBPIn)

then NaBO3! 4H2O

O

O
P O Me

Me

(R)-L1

30%, 30% ee

O

O
P O

(R)-L2

52%, 76% ee

O

O
P O

(R,R)-L3

83%, 99% ee
(2,6-lutidine 20 mol%)

2-3 equiv.

O

Si

Ligands Explored



Asymmetric Borylation of C(sp3)ÐH Bonds

Sawamura JACS, 2019, 141, 6817Ð6821
Sawamura Science 2020, 369, 970Ð974

N

O

Ph

PhMe N

O

Ph

PhMe

OH

B2Pin2
1.5 mol% [Ir(OMe)(cod)]2

3.0 mol% (R,R)-L *

3.3 mol% Receptor Ligand

2,6-lutidine (0.75 equiv.)
PhMe/CPME, rt, 48 h

HH

Ligands Explored

O

O
P O

(R,R)-L3

O

Si

N

N
H

O

N
H

Receptor ligand



C(sp3)ÐH Borylation: Overview

W

OC CO
OC B

O

O Me

Me

Ir
BPin

BPin

BPin
N

N

Me
Me

Me
Me

N N

F

+ [Ir]

Hartwig 
Science 1997, 277, 211Ð213

Hartwig 
JACS, 2012, 134, 12422Ð12425

Ir
BPin

BPin

BPin
N

N

Hartwig 
Science 2020, 368, 736Ð741

Me

H

X
X

H

Hypothetical Lead Compound

O

O
P

Schley
JACS, 2020, 142, 6488Ð6492

O O Si

N

N
H

O

N
H

(R,R)

Receptor ligand

+

Sawamura 
Science 2020, 369, 970Ð974

H B(OR)2

HAT

- XH

X

Aggarwal
Nature 2020, 586, 714Ð719

HH



Metal-free C(sp3)ÐH Borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+ R
B2(cat)2 R B(cat)

Decarboxylative borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

N

O

O

O
R1

X

Decarboxylative borylation

N

O

O

O
R1

X

+

O
B

O
B

O

O Visible light

PET

Nature 2020, 586, 714Ð719



Metal-free C(sp3)ÐH Borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+ R
B2(cat)2 R B(cat)

Decarboxylative borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

N

O

O

O
R1

X

Decarboxylative borylation

N

O

O

O
R1

X

+

O
B

O
B

O

O Visible light

PET

Nature 2020, 586, 714Ð719

Knowles
Chem. Sci., 2020, 11, 11124Ð11141



Metal-free C(sp3)ÐH Borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+ R
B2(cat)2 R B(cat)

Decarboxylative borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

N

O

O

O
R1

X

Decarboxylative borylation

N

O

O

O
R1

X

+

O
B

O
B

O

O Visible light

PET

Nature 2020, 586, 714Ð719



Metal-free C(sp3)ÐH Borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+ R
B2(cat)2 R B(cat)

Decarboxylative borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

N

O

O

O
R1

X

Decarboxylative borylation

N

O

O

O
R1

X

+

O
B

O
B

O

O Visible light

PET

Nature 2020, 586, 714Ð719

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

HAT by alkoxy radical?

H

(10 equiv.)

+ B2(cat)2

(1 equiv.)

20 mol% ClB(cat)

N

O

O

OR

MeCN (0.025M)
390 nm LEDS, 25 ¡C

24 h
then pinacol, Et3N

BPin

N

O

O

O
CF3

N

O

O

O
Ph

58% yield

61% yield

HAT thermodynamically unfavored!
Phenol OÐH BDE (90 kcal/mol)

Unactivated Csp 3ÐH bond (97-101 kcal/mol)

(1 equiv.)



Metal-free C(sp3)ÐH Borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+ R
B2(cat)2 R B(cat)

Decarboxylative borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

N

O

O

O
R1

X

Decarboxylative borylation

N

O

O

O
R1

X

+

O
B

O
B

O

O Visible light

PET

Nature 2020, 586, 714Ð719

Involvement of chloride radicals
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46%
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Cl

radical addition
5-exo-trig cyclization

Fluorescence quenching experiments support the generation of chlorine radicals from 
SET of the photoexcited phthalimide with chloride anions

Excited state of phthalimide is quenched with similar efficiency by 
ClB(cat), NEt4Cl, and B2(cat)2



Metal-free C(sp3)ÐH Borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+ R
B2(cat)2 R B(cat)

Decarboxylative borylation

N

O

O

O
R1

X

- CO2

! -scission
N

O

O

+

HAT borylation

O R1

O R1

HH
R2

R2

N

O

O

O
R1

X

Decarboxylative borylation

N

O

O

O
R1

X

+

O
B

O
B

O

O Visible light

PET

Nature 2020, 586, 714Ð719



C(sp3)ÐH Borylation: Overview

W

OC CO
OC B

O

O Me

Me

Ir
BPin

BPin

BPin
N

N

Me
Me

Me
Me

N N

F

+ [Ir]

Hartwig 
Science 1997, 277, 211Ð213

Hartwig 
JACS, 2012, 134, 12422Ð12425

Ir
BPin

BPin

BPin
N

N

Hartwig 
Science 2020, 368, 736Ð741

Me

H

X
X

H

Hypothetical Lead Compound

O

O
P

Schley
JACS, 2020, 142, 6488Ð6492

O O Si

N

N
H

O

N
H

(R,R)

Receptor ligand

+

Sawamura 
Science 2020, 369, 970Ð974

H B(OR)2

HAT

- XH

X

Aggarwal
Nature 2020, 586, 714Ð719

HH


