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1. Introduction

1.1 Syntheses of Arylboronate Esters
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1. Introduction

1.2. Stoichiometric Photochemical Reactions
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John F. Hartwig. J. Am. Chem. Soc. 1995, 117, 11357-11358
John F. Hartwig. Science. 1997, 277, 211-213

C-H Borylation with
Cp*W(CO),4(Bcat’)



1. Introduction

1.3. Catalytic Photochemical Reactions
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Proposed mechanism

John F. Hartwig. Angew. Chem. Int. Ed. 1999, 38, 3391-3393
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1. Introduction

1.3. Catalytic Thermal Reactions
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Milton R. Smith, IIl. J. Am. Chem. Soc. 2000, 122, 12868-12869 6

John F. Hartwig. Science. 2000, 287, 1995-1997



1. Introduction

1.3. Catalytic Thermal Reactions

Arene Borylation with Iridium Catalyst Containing Phosphine Ligands

N 2 mol% [(7indenyl)I(COD)], 2 mol% L 0
R—! + HBPiIn » R-—
4

150 °C =
1 Cl Bpi (o] Bpin
Bpin Bpin MeO Bpin B pin P
9] AR
MeO cI CO,Me
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L=dppe L=dppe, 100 °C L=dmpe L=dppe, 100 °C L=dppe, 100 °C
95% 95% 62% 63% 95%

The active catalyst was proposed to contain PMe; as a ligand

Ir (I) monoboryl or Ir(III) trisboryl complexes?

Milton R. Smith, Ill. Science. 2002, 295, 305-308.



1. Introduction

1.3. Catalytic Thermal Reactions

Arene Borylation with Iridium Catalyst Containing nitrogen Ligands

N 1.5 mol% [Ir(COD)Cl],, 3.0 mol% bpy Xy BPin YA\ —/\ !
R_! + szinz - 2 R_: + H E \ / E
¥z 80 °C, 16 h % 2 PN=N N7
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Mild condition!

Tatsuo Ishiyama.; Norio Miyaura.; John F. Hartwig. J. Am. Chem. Soc. 2002, 124, 390-391 8



1. Introduction

1.3. Catalytic Thermal Reactions

Effect of nitrogen ligands on the borylation of benzene

1.5 mol% [IrOMe(COD)],,

3.0 mol% bipyridine ligand Bpin
+ szinz >
rt + Hp

Me Me
Me
GO =00 oS
/
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X=Cl, 0%
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Mild Condition Pay the Way for Studying the Mechanism of C-H
Borylation of Arenes

Tatsuo Ishiyama.; Norio Miyaura. Angew. Chem. Int. Ed. 2002, 41, 3056-3058.



2. Mechanism of the C-H Borylation of Arenes by Bipyridine-Ligated Iridium
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1. Isolation of active intermediate
2. lsotopic labeling experiments
3. Kinetic study

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278



2. Mechanism

2.1. Isolation of Iridium Trisboryl Complexes 1 and Stoichiometric Reactions

Bpin
Bpin 2 ©/
5 it 5 1.5 mol% [IrCI(COD)], 1-53[718':;/:’05!;()(;05);@]2
, 3.0 mol% bpy © + B,Pin, . o 83%

+ BoPin S > rt, 4.5 h +
b b 60 °C
Ha

Induction period eycloacten-d No induction period

B,Pin,, mesitylene N, || WBPin

[ICOE)CI], + dtbpy > C NG
50 °C, 5.0 h N7 | BPin]

BPin !

recrystallization

D 28%
D D
D D D
D D Bpin
> X-Ray structure
cyclohexane-dy,, rt D D
D
83%

[Ir(dtbpy)(#>-COE)(Bpin)] is an intermediate or leads directly to an intermediate in this borylation system
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Tatsuo Ishiyama.; Norio Miyaura.; John F. Hartwig. J. Am. Chem. Soc. 2002, 124, 390-391



2. Mechanism

2.1. Isolation of Iridium Trisboryl Complexes 1 and Stoichiometric Reactions

1. HBpin, xs COE

tBu tBu Q
\ \ / \ «BPin
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Nun,
[IrOMe(COD)], C '/l\ 80-95% yield
Pin
BPin
1

Efficient synthesis of [Ir(dtbpy)(#*>-COE)(Bpin),]
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- J
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1, \ in cl N,, \\BPln cli 60 eq (o] Bpin
/ C .

||3p.,:3Pm C,:QO eq Bpin - I\BPIn 0.21 M COE, cl
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1.0 eq cyclohexane, rt cl 10 eq 0.5 h, trace

upon mixing 3.0 eq, 70% 24 h, 40%

Stoichiometric reactions

[Ir(COD)(OMe)], as the iridium source fits with the general result that the most active catalysts are generated from
[Ir(COD)(OMe)],

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278 Lz



2. Mechanism

2.1. Isolation of Iridium Trisboryl Complexes 1 and Stoichiometric Reactions

..................................
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N/, | \\BPII"I +ArH | \BPIn +ArH
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/ |\BP|n -ArBpin C / |\BPm -ArBpin C / |\BP|n 20 eq ?
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'H NMR spectra of the aromatic region for the dtbpy H NMR spectra of hydride region for the
ligand Ir complex
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2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species
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John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278
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2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species

CN/,,, | \BPin c':@ B2Ping-dy, 2.6 eq c':©/3p'"
I + ’
N” |\BPin %dm cl

75°C,1.0h

Bypin,
standard
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130 1.25 120 1.15 ppin

Relative Rates for Elimination of B,pin, from 1 and for C-H Activation

K << K

B-B elimination C-H activation

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278
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2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species

Kinectic study

first-order in the concentration of arene
zero-order in the concentration of B,Pin,

N BPi 5
N,, \\\\\ BPin COE C ", \\\\\ in -B,Pin, N, «BPin ArH N, WH
N" |\BP n COE / | BPin : — /'Ir‘ — C /'Ir“ + ArBPin
i + : .
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zero-order in arene
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— ‘I : — :C “Ir™" + ArBPin
- |\BP'" +COE BPlnBPm +B,Pin, ~N7 A\

inverse-firse-order in B,Pin,

If C-H activation by Ir(l) species!

. 16
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2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species

«different Iridium complex BPiny-dag Ar-H ArBPin-d
1 1 H “U12.
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Path C :
""""""""""""""""""" + ArBPin | Q
Q ___________________ Path A rern
N, | .BPin  -COE i MNe BPInT ARH N, H 1 coE CN I| wBPin
0, | WV - : > . ! ‘Ir!
ASNepin oo SN[ BPin: N7 | BPini N7 | BPin
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Possible intermediates from 1 to catalyze borylation

. 17
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2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species

()

N,,,' | \\\BPin
’Ir“
N" |\BPin
BPin
D 10 mol%, D D
D D 30 mol% unlabeled Bpin group D Bpin D Bpin-d;,
Ll +
B,Piny-dys 1.0 eq
D D 2 27424 ’
COE 1.0 eq, rt b b D D
D D D
4 h 17 h
conversion 10% conversion 50% conversion 100% conversion
ArBPin 68 47 17
ArBPin-d,, 32 53 83

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278
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2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species

O —

i ~N i ,
CN": wBPin - -COE :C ,,"" Q\BP'" -BoPin Ne, wBPIN: 4B, Piny-dy, N"'nl W BPIn
— > / —_— It —C C
- |\BP|n dissociation! | BPin N : i |\BPm -dq,
BPin L BPIn . H BPin-d;,
zero-order with the concentration of B,Pins-doy
Q jrosenenn s s SindE Bea
N, | WBPIn  -COE i N WBPIn  +B,Pin,-d,, N, \ S \\Bpmu.
> ! \ —_— ., |
1 |\BPm dissociation ! | BPin N |\BP|n
: BPin :
BPin ll BPin

first-order with the concentration of B,Piny-doy

Exchange of B,Pin,-d,, with 16 electrons trisboryl complex

Q cyclohexane-d;,

N/,, WBPin methylcyclohexane-d;,  "(dtPPY)(BPin-di2)n(BPin)s-n
\ +BzPin2-d24
/ 40 °C + BPiny-d;, + B,Pin,
BP'“ 0.072 M
0.143 M
0.216 M

The rate constant for the exchange process depended linearly on the concentration of B,pin,-d,,

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



2. Mechanism

2.2 C-H Activation by Ir(111) Species vs Ir(l) Species

10 [T
A1 b
2

A3 F

obs

14 b

In(k_ /T)

A5 F

16 |

_17-....I....I....I....I.:..I...I.
2910° 3.010° 3.110° 3210° 3.310° 3410° 35107

11T (K)

Eyring plot for exchange reaction of
(2.10*%102 M)

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278

In(k/T)=In(c-kB/h)+AS* /R-AH# /R 4/T

AH7 = 25.9+1.3 kcal mol-?
AS¥=9+1 eu

COE dissociation first
Bimolecular association second
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2. Mechanism

2.3 Isotope Effects

Q

,,, \\BPm

/ |\BP|n D
BPin Bpin D Bpin
0.015 mmol - ©/ +
rt, 24 h D D

D
KH/HD: 46104

3.0 mmol 3.0 mmol

Isotope Effects on the Stoichiometric Reaction Trisboryl with Arene

N, | «BPin
/ \BPII'I D
Bp| Bpin D Bpin
0.015 mmol, 1mol% ©/ .
B,Pin, 1.5 mmol, D D
rt, 24 h D

3.0 mmol 3.0 mmol
KH/HD= 50i04

Isotope Effects on the Catalytic Reaction Trisboryl with Arene

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278
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2. Mechanism

2.3 Isotope Effects

()

N, | BPin
D ", 5
/’ \N
ci ci D | ~BPin Bpin Cl Bpin
+ BPin :©/
> +
Cl Cl D catalytic cl cl D
D D

KH/HD: 20104

N,, | \\BPln
“Ir:

| WBPIN 3
4.00 x 103 M C T 4.00 x 1023 M
N |\BP|n B | BPin D
BPin o Boi cl BPin cl Bpin
Cl szinz 0315 M D/ pin B2P|n2 0.315 M -
> cl D loh B
cyclohexane-dy, cl cyclohexane-ds; cl D
cl b [
0.284 M ky=7.5+0.7 x 10 s 0.284 M

kp=2.2+02x10%s"

K,/Kp=3.3+0.6

Isotope Effects on the Catalytic Reaction Trisboryl with Arene

C-H bond cleavage is turnover-limiting !

. 22
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2. Mechanism

2.4 Kinetic Studies
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inverse first-order in the concentration of COE

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278



2. Mechanism

2.4 Kinetic Studies

[1,2-dichlorobenzene] (mol L'1)

Cl
D + szinz
Cl
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0.20
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003 004
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Time (s)

)

N, | \BPin
,r‘\\
N |\BPin
BPin

2010* 2510°

4.41x10" M
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CI:©/Bpin
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first-order in the concentration of Iridium
John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278
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half-order in the concentration of Iridium
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2. Mechanism

()

N, | BPin
/ |\BP|n
BPin
HBPin Noi, oo BPIN Ar-H
N~ |\BP|n
BPin oxidative addition or
f ka sigma bond metathesis
4
BzPinz
Ar H
C ", N/,,\ \\BPln
/l BPin / |\BP|n
BPin BPin
k3
Ar-BPin

Proposed mechanism

John F. Hartwig. J. Am. Chem. Soc. 2005, 127, 14263-14278



2. Mechanism

[Ir(COD)(OMe)],, FG
4.4'-di-tert-butylbipyridine (dtbpy) |
dissociation of the ligand o A ~yy BPin
FG and rapid borylation

shorterlifetime

—-tH + B,Pin,

[I(COD)(OMe)],, FG
\ 3,4,7,8-tetramethylphenanthroline(tmphen) =

> - -BPin

longer lifetime
greater stability of the catalyst

MeO [Ir)/ligand, BoPin, ~ MeO

-

BPIn

1 mol% Ir/tmphen, 84%
3 mol% Ir/dtbpy, 56%

John F. Hartwig. J. Am. Chem. Soc. 2019, 141, 1647916485
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2. Mechanism

tBu tBu
tBu tBu 2.5 mol% [Ir(cod)OMe], __ __
— — 5.0 mol% dtbpy, THF, 70 °C
N\ 7~ N\ / + BoPin > \ N/ \N 4
N N PinB BPIn
83%
Me
Me
COE N
E‘, “BPm % THF_ds, ki m! ! / —N. COEBPln B B
AN 7 N\ "’ — -
= N BPin N/ — / N 2\ 2
—N N | BPin \ /
N BP|n el N BPin N N—Z "BPIn
Me

Ligand Exchange and Borylation of dtbpy

John F. Hartwig. J. Am. Chem. Soc. 2019, 141, 1647916485



3. Strategies for Regioselective C-H Borylation of Arenes

FG

FG
> ) oroto, meta, para selectivity ? z
—yH + ByPiny > —-BPin
™ A )

Major contributions by groups of Sawamura, Ishiyama, Nakao,
Itami, Chattopadhyay, Clark, Phipps, Kanai, Smith, Li, etc

o

H
FG..,, | WBPin ( R) BPin
\ Bulky ST
L/| BPin /@ | BPin
BPin i
! Chelation-directed Catalyst-Controlled BPin

- X »
and R /\ and

=N, [ WBPin
r
|
B

’/

— N/ BPin ,"—_ FG\©
\/’ Pin ] Interaction |
H A} H

/ \ Substrate-Controlled Lu,,ﬁ WBPin
BPi
LK/J( ) /|\BP|n
X=Si, B Interaction ,-°~ FG | X BPin
L=P, N J F

Buddhadeb Chattopadhyay. Tetrahedron Lett. 2018, 59 1269-1277.
Yoshiaki Nakao. Chem. Lett. 2019, 48, 1092-1100
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3. Strategies for Regioselective C-H Borylation of Arenes

3.1 Chelate-directed

No vacant site is available

4 N\
7//<\ ”‘Q Hemilabile bidentate 7 iH
H . )

FG,, ? BPin Monodentate ligands R'—,'/\ FG ligands ? \BPin
/ BPin B /N"'l/ Ilo\\BPin L/ |\BP|n
. | /Ir\ i BPin

BPin R—=— N7 | “BPin .
| BPin | RN

Bidentate, monoanionic
ligands

Yoshiaki Nakao. Chem. Lett. 2019, 48, 1092-1100
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3. Strategies for Regioselective C-H Borylation of Arenes

3.1 Chelate-directed

(o)

Ve

R !
XY BPin
o s
| —0-§i-0-Si"\_P!
e e
! Si0, :

N OMe ' [I(COD)CI)s, S|I|ca-SMAP-IL
FG— + szlnz -
2 H hexane, 25-50 °C

(o]

o)
Me
@om
BPin
M

89%

e

87%

0

BPin

R= iPr, 89%
R= CF3, 89%

L=PAr3, AsAr
Imomobilized P

(o} (o}
[I(COD)
FG_:dkome Fe{jﬁkome + ByPin,
= =
BPin H

96%

(o]

OMe R
OMe OMe
BPin MeO BPin

Masaya Sawamura. J. Am. Chem. Soc. 2009, 131, 5058-5059

Tatsuo Ishiyama.; Norio Miyaura. Chem. Commun. 2010, 46, 159-161

Monodentate ligands 1., | BPin
[Z7RIRN
> Ir

" | BPin

BPin

; H
FG

;H
» FG

FG= ester,ketone
amido, sulfone

ketal, etc

> FG,, ¥ .BPin
Irs
v |\BPin
BPin

B

OMe]Z, P(3,5-2F3C-C6H3)3 A

OMe

octane, 80 °C

> FG
BPin

(o] (o] (o] (o]
R R
d\OMe \dLOMe \dLOMe /©5L0Me
BPin BPin BPin R BPin

98% (2% meta)

R= Me, 92%
R= CF3, 98%

R= Me, 98%
R= Me;N, 99%

R= Me, 99%
R=Br, 57%
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3. Strategies for Regioselective C-H Borylation of Arenes

3.1 Chelate-directed

FG >
I‘“\\BPin L-L'=pyridine/hydrazone
pyridine/amine
aminoquinoline

BPin

Yo

e “
)
R._:’./\ Hemilabile bidentate ligands < Ll"""l wBPin

I.
" | BPin FG=

———> FG, © BPin
isoquinoline ’
aminomethyl

L
hrdrozone < BPin
pridine L'

N PR S il ) N
Ll
FG'—r _N FG'ﬂ 7 NH, [I(COD)OMe],, L X NH,
[Ir(COD)OMe],, L Z FG—./ + B,Pin, > FG—./
> H o BPin

+ szinz

o~ HBpin, THF, 50-80 °C . BPin
Feg | FG |
N
sellNeRlcoNERy
N a7 N =N +
l l BPin l l BPin MeO ! BPin SPin 23%
84% 58% 88% 73%

Rosario Fernndez.; JosM. Lassaletta. Angew. Chem. Int. Ed. 2011, 50, 11724-11728
Timothy B. Clark. Org. Lett. 2012, 14, 3558-3561

Me-cyclohexane, 70
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3. Strategies for Regioselective C-H Borylation of Arenes

3.1 Chelate-directed
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Pengfei Li. J. Am. Chem. Soc. 2017, 139, 91-94 37
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3. Strategies for Regioselective C-H Borylation of Arenes

3.1 Chelate-directed

©/\SiMe2H

FG X
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John. F. Hartwig. J. Am. Chem. Soc. 2008, 130, 7534-7535
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3. Strategies for Regioselective C-H Borylation of Arenes

3.2 Substrate-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.2 Substrate-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.2 Substrate-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.2 Substrate-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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Interactions mediated by an alkali metal (M)
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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3. Strategies for Regioselective C-H Borylation of Arenes

3.3 Catalyst-controlled
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4. Summary

1. The mechanism have been studied by experiments and accepted by others.

R

2. R
BPin @\
©/ BPin

BPin

Chelate directed Hydrogen-bonding interaction Interactions mediated by an K*
Relay directed lon-pairing interaction Repulsive Steric Interactions
Hydrogen-bonding interaction Lewis-acid base interaction

Electrostatic interaction
Lewis-acid base interaction

3. Challenges

Simple arene such as toluene, ethylbenzene are still the challenges to control
the regioselectivity.



Thanks for your attention!



