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Transition Metal Boryl Complexes

Bl First structurally characterized metal boryl complex
(Merola, 1990)

- 19 P

N\
N\ i\pMe3 +  HE ————>  Me;P—Iri—H

O
| i Cl
Organometallics 1990, 9, 3008-3010
(Baker and Marder, 1990) PMe;
| ',PMe3

[IrH(PMe3),] + 9-BBN dimer —_— H g

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

Aldridge and Willock: Organometallics 2002, 21, 1146-1157
Aldridge: Coord. Chem. Rev. 2004, 248, 535.



Transition Metal Boryl Complexes

Bl First structurally characterized metal boryl complex
(Merola, 1990)
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B Two most common strategies to access transition metal bory Is is O.A and salt elimination
(Hartwig, 1993)
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Transition Metal Boryl Complexes

Bl First structurally characterized metal boryl complex
(Merola, 1990)
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(Hartwig, 1993)

—l © Na®
‘?7 XBR, Q Ph
/N " oc“"“/Fe_B\Ph >
oc” ‘co od

JACS, 1993, 115, 4908D4909

B Basic bonding in transition metal boryl complexes
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CDH Borylation of Alkanes by Transition Metal Boryl Complexes
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CDH Borylation of Alkanes by Transition Metal Boryl Complexes

(Hartwig, 1997)

Cp'W(CO)g]? jC_EE
| 0
—» AV (1]
+ ocC /W\ B\O
oC CcO
CIBcat® Me

Scheme 1. Thermodynamics of Methane Borylation with
B,(OR)4 or HB(OR),

B,(OR)4 as B-Source:?

HsC-H + (RO),B—B(OR),

H,C-B(OR), + H-B(OR),

kcal kecal kcal kecal

104 ol 104 o 111 g 110 —
= kcal
ABDE= -13 iod

Me
(@]
NN é
> /\/\/ ~
hv . ©) Me
85% yield
Me

B
> ~0 Me
hv

74% vyield

HB(OR), as B-Source:?

HC-H *+ H-B(OR),

H3C-B(OR), + H,

kecal kecal keal kecal

104 - 110 = 111 "ol 104 mol
- 4 kcal
ABDE= -1 mol

¢ Energies of the boron species are calculated. See ref 6 for details.



Detailed Study on Isolated Transition Metal Boryl Complexes
m Early studies showed CpM(CO) ,,B(OR), do not react with alkanes.

s it neccessary to block C(sp 2)PH sites on catalyst?

o o
“““
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oc™ [ 0 {Bu oc™ [ 0

<1 % vyield <1 % yield 15 % yield

J. Am. Chem. Soc. 2000, 122, 11358-11369
Organometallics 1999, 18, 3383-3393



Detailed Study on Isolated Transition Metal Boryl Complexes
m Early studies showed CpM(CO) ,,B(OR), do not react with alkanes.
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Detailed Study on Isolated Transition Metal Boryl Complexes

m Early studies showed CpM(CO) ,,B(OR), do not react with alkanes.

s it neccessary to block C(sp 2)PH sites on catalyst?
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o R

oc™ [ 0 {Bu oc™ [ 0

<1 % vyield <1 % yield 15 % yield

W Transition metal boryl complexes react with arenes

Bcat

X = Me, OMe, Cl, CF3, NMe,

J. Am. Chem. Soc. 2000, 122, 11358-11369
Organometallics 1999, 18, 3383-3393




Detailed Study on Isolated Transition Metal Boryl Complexes

m Early studies showed CpM(CO) ,,B(OR), do not react with alkanes.
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Detailed Study on Isolated Transition Metal Boryl Complexes
m Early studies showed CpM(CO) ,,B(OR), do not react with alkanes.

s it neccessary to block C(sp 2)PH sites on catalyst?
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m Are boryl radicals involved? Photochemical borylation of pentane/pentane-d 1,
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Detailed Study on Isolated Transition Metal Boryl Complexes

m Are boryl complexes highly reactive toward alkane CbH bonds because they are strong ! Bdonors
or lewis acidic character?
Examine reactivity of transition metal boryls containing B(O R),, B(SR),, and BR ,

J. Am. Chem. Soc. 2000, 122, 11358-11369



Detailed Study on Isolated Transition Metal Boryl Complexes
m Are boryl complexes highly reactive toward alkane CbH bonds because they are strong ! Bdonors
or lewis acidic character?

Examine reactivity of transition metal boryls containing B(O R),, B(SR),, and BR ,

Table 1. Carbonyl-Stretching Frequencies for Ruthenium Boryl,
Alkyl, and Hydride Complexes®

compound veo (cm™) W Dialkyl groups lead to stronger donors
Cp*Ru(CO),[Bcat(Me),] (2) 2012, 1952
Cp*Ru(CO),BS,Tol (9) 2007, 1948 m Dialkyl groups are more lewis acidic
Cp*Ru(CO),Bpin (5) 2002, 1940
Cp*Ru(CO),H? 2000, 1941 _ : : -
Cp*Ru(CO);Me* 1998, 1935 m Pinacol boryl is least lewis acidic
Cp*Ru(CO),BBN (8a) 1994, 1931
Cp*Ru(CO),BCy; (8b) 1984, 1921

@ All IR spectra were recorded in benzene, except for 2 and 5 which
were recorded in benzene-ds. ® From ref 76. < From ref 31.

J. Am. Chem. Soc. 2000, 122, 11358-11369



Detailed Study on Isolated Transition Metal Boryl Complexes

m Are boryl complexes highly reactive toward alkane CbH bonds because they are strong ! Bdonors
or lewis acidic character?
Examine reactivity of transition metal boryls containing B(O R),, B(SR),, and BR ,

W Dialkyl groups lead to stronger donors
W Dialkyl groups are more lewis acidic

m Pinacol boryl is least lewis acidic

Lewis acidic boryl group is not required (stochiometric pentane borylation)
%\ ol %
.Ru—B RU_B “‘Ru—BBN
o \ / Ru—B c*
oc™ [ o)
oC
78% vyield 40 % yield < 1% yield 8% vyield

Increased Lewis Acidity

J. Am. Chem. Soc. 2000, 122, 11358-11369



Detailed Study on Isolated Transition Metal Boryl Complexes

m Are boryl complexes highly reactive toward alkane CbH bonds because they are strong ! Bdonors
or lewis acidic character?
Examine reactivity of transition metal boryls containing B(O R),, B(SR),, and BR ,

W Dialkyl groups lead to stronger donors
W Dialkyl groups are more lewis acidic

m Pinacol boryl is least lewis acidic

Lewis acidic boryl group is not required (stochiometric pentane borylation)
s /é( A \
.Ru—B Ru—B ..-Ru—BBN
o \ / Ru—B \ oc™
oc" [ 0 oc™ [ S Me
ocC oC oC
78% vyield 40 % yield < 1% yield 8% vyield

M React with arenes in modest yield

B Boryl group does alter photochemical generation

of proposed 16 electron intermediate
J. Am. Chem. Soc. 2000, 122, 11358-11369



Development of a Catalytic Photochemical Borylation of Alkanes

m Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products
(Hartwig, 1995)

R—H R—Bcat
- 1

..-Fe—Bcat Eo— OCuupe g2
oc | - OC“'Fle H T> Fe—Fe....q
CO medium-pressure Co 2 @ CO
T mercury lamp
A4 depicted open form
> (dep p

for clarity)
J. Am. Chem. Soc. 1995, 117, 11357! 11358.



Development of a Catalytic Photochemical Borylation of Alkanes
m Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products

Development of Catalytic Variant

NN AN BPIn
+ |/|VI\; > +

Catalyst Screened

Mn /Re,' Re
oc” L5 oc” to%° oc” L jco

Angew. Chem. Int. Ed. 1999, 38, 3391-3393
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m Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products

Development of Catalytic Variant
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Catalyst Screened
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35% yield 50% yield quant.

m Only 17% of the rhenium complex
was regenerated

Angew. Chem. Int. Ed. 1999, 38, 3391-3393




Development of a Catalytic Photochemical Borylation of Alkanes
m Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products
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Development of a Catalytic Photochemical Borylation of Alkanes
m Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products

Development of Catalytic Variant
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Development of a Catalytic Photochemical Borylation of Alkanes
m Challenge: Regenerate boryl compex from metal hydride and/or dimeric metal carbonyl products

Development of Catalytic Variant

NN AN BPIn
+ |/|VI\; > +
B,Pin, hv HBPIn

= 2 ==

Catalyst Screened

/M{]" /Rt'c Re
“CO “Cco
oc co oc” co oc” L jco
35% yield 50% yield quant.
m Only 17% of the rhenium complex
was regenerated
4 N\
PaVa ﬁ AN BPIn
I
+ —_— /R%, — +
“Co
. ocC
B,Pin, co HBPin
2.4 mol %
\_ J
hv, CO (2 atm.)
25iC

95% yield

(! -CsMes),Rex(CO)5
+

(! -CsMes),Ren(CO)s

hv
(' -C5Me5)Re(CO)3 —_—

I"#$%&I'$$%&HS I'()

o

I szinz I

Re..
oc” \ Jco
@ cis-Cp'Re(CO),(BPin), observed at early reaction times

@ Both pure and mixtures of cis and trans Cp"Re(CO),(BPin),
catalyze photochemical borylation

@ Stochiometric experiment leads to regiospecific reaction

ﬁ A~ /\/\/BPln
OCre / RE'\""BPIH - .
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Development of a Catalytic Photochemical Borylation of Alkanes

W Proposed mechanism

P o o

HBPin + RDBPIN | _ | B,Pin, | |
Re szlnz Re, _— OC1s:-- Re: BPin

7 \""co 7 \"co N\
ocC \co O¢ o ping/ €O
2 CO . * - - .
co @ cis-Cp Re(CO),(BPin), observed at early reaction times

@ Both pure and mixtures of cis and trans Cp"Re(CO),(BPin),

1 é catalyze photochemical borylation
’ .BPin

| _ @ Stochiometric experiment leads to regiospecific reaction

OC—Re—BPin oc s -
R/\ R. .BPin ﬁ N~ BPIN

Stereochemistry | . | y +
unknown ocRemppin oc ReQ'BPin PinB co quant, .
oc/ BPin pine €O HBPin
Co Isolated
_H
R

Angew. Chem. Int. Ed. 1999, 38, 3391-3393



General Mechanism

B Photochemical Borylation

a
-CO \
~-Fe—B(OR); ———» .Fe—B(OR); ———— .Fe:--B(OR), [
oc* [ +RH oc™ |\ W T
/H ocC ' o1
oc HaC HaC---H
~ Alkane ! -complex I -bond metathesis TS
formation from 16 e- intermediate (boron assisted)
- 1 a
\
““,Fe \IB(OR)z —_— \Fe H ————— \ H ————
oc™ | -~ e Fe---"
CH, H oc™ | B(OR), oc™ | :
CHj H4C- -~ "B(OR);]

borane ! -complex

B(OR),

Hall and Hartwig: J. Am. Chem. 2003, 125, 858859



General Mechanism

B Photochemical Borylation

a
-CO \
~Fe—B(OR), ————»  .Fe—B(OR); —— Fe:--BOR), [ >
oc“‘/ +RH OC\ “‘.‘ : \\ 1 2
/H ocC ' o1
oc HaC HaC---H
_ Alkane ! -complex I -bond metathesis TS
formation from 16 e- intermediate (boron assisted)
- 7 a
\
oFe \F(OR)Z _— \Fe H ————— \ >
oc™ | ~ e Fe----H
CH; H oc™ | B/(OR) oc™ | :
CH,4 2 HaC- -~ ~B(OR);

borane ! -complex

< |
.Fe—H oc"7W """ B(OR),

oc™ \ oc co
H™ NB(OR),

Similar Mechanism

Hall and Hartwig: J. Am. Chem. 2003, 125, 858859



Development of a Thermal CDH Borylation

O
NN T A/O\B—B/O\L rl\/l\ > NN Ny HE] \L
7\01 \O/T ~ BPin \o/T
heat
AN T HBO\L (M— AN~ F M
\O/v V
heat

Science 2000, 287, 1995P1997




Development of a Thermal CDH Borylation

{ M > grin * HB{

Starting Point

@ Thermal dative-ligand dissociation
to form unsaturated boryl complexes

@® Can generate boryl complexes
by O.A of B,Pin, and HBPIn

Science 2000, 287, 1995P1997




Development of a Thermal CDH Borylation

/
- /\/\/V\BPin + HB\

NN BB, _ </
7 © © T heat
o ()
NN HB { i/I/ > NNN"Npin
o/\‘
heat

Starting Point

S

74 AN
H* “H

H H X 7
10 mol% 10 mol%
20% yield 58% yield
(two-steps) (two-steps)

@ Thermal dative-ligand dissociation
to form unsaturated boryl complexes

@® Can generate boryl complexes
by O.A of B,Pin, and HBPIn

Science 2000, 287, 1995P1997



Development of a Thermal CDH Borylation

/\/\/V\BPin

heat

+

/
HB

\o/T

Starting Point

S

‘.|I’., Ir
H'/ \'"H 7\
H/ H X 7
10 mol% 10 mol%
20% yield 58% yield
(two-steps) (two-steps)

@ Thermal dative-ligand dissociation
to form unsaturated boryl complexes
@® Can generate boryl complexes
by O.A of B,Pin, and HBPIn

Science 2000, 287, 1995P1997

Complete conversion of
HBPIn required 10 days

at 200 jC




Development of a Thermal CDH Borylation

/\/\/V\BPin +

heat

Starting Point Second-Row Analog

jét jét | 10 molve
| i Rh 58% yield

\/ \/ 150 iC, 5 h

S, Ir Complete conversion of
H'/ \"H ( \ HBPipn requi
quired 10 days
H H \ / at200{C |  TTmTTTTmmmmmmmmmmsmmmmssssmmsssmmmssmmmssoee-
10 mol% 10 mol% P O UL only isomer
20% vyield 58% yield BPIn detected by GC
(two-steps) (two-steps)

Minor Products from ethylene ligands

® Thermal dative-ligand dissociation api Bpi
n In
to form unsaturated boryl complexes P BPin ANpgpiy + other
@® Can generate boryl complexes BPin BPin
by O.A of B,Pin, and HBPIn

Science 2000, 287, 1995P1997



Development of a Thermal CDH Borylation

Optimized Conditions

4 mol%
Sy e e sa e
| 80 h
Rh
I

1 4-CgMeg PinB
4 mol%
1 mol% 49% vyield
72% yield 80 h
80 h

Science 2000, 287, 1995P1997



Development of a Thermal CDH Borylation

Optimized Conditions

ﬁ \(’)/\BPln

1 4-CgMeg PinB

1 mol%
72% yield
80 h

Mechanistic Studies

4 mol%
64% y|eId

4 mol%
49% yield
80 h

o o

l B,Pin, l n-octane

‘7Rh{l.,H ‘7Rh("'H , BPIn
EtsSi® . CaHp . PInB’ 150 iC \6’)/\
H  SiEty 120 16 H  BPin ' 6

90% yield
(two equivalents)
® Matches 1B NMR resonances

observed during catalytic reaction

Science 2000, 287, 1995P1997




Development of a Thermal CDH Borylation

Mechanistic Studies

Optimized Conditions
4 mol%
—ey e e oy || e ~o>
i 80 h |
Rh Rh. B,Pin, Il? n-octane
7 NH ————— e o H———— BPi
| Et;Si*7 \ T PinB"7/ \ 150 iC \6’)/\ n
| 4.CoMeg . H SiEts  25'¢ H  BPin ' 6
4 mol% 90% yleld
1 mol% 49% vield (two equivalents)
72% yield o ® Matches 1B NMR resonances
80 h observed during catalytic reaction
Relevant Catalytic Intermediate
jét K
.Rh-..., = 20
NN NN N8N pinB*/ \ 'H kp
H BPin ;
(150 iC)
+ sz|n2 ‘iﬂj ' e
Dig Dy ﬁ
NSNS heat /\/\/\)\/\BPin Ky
-Hz FLh ” = 1.9
 \ D
X 7 (150 iC)

Science 2000, 287, 1995P1997



Borylation of Primary over Secondary CbH Bonds

Reversible? |
H\/\ ..... PinB
R PinB* / \/\ - \/\
. R - Cp"Rh(H),
I ﬁ }'
PinB*"/" \"""H P,nB‘.-?Rh
H BPin
A j<i>z
BPin

T \rMe oo
- 2

Does this step occur?

Selectivity can arise from:

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

2) Unselective C PH Cleavage followed by selective C BB bond formation
from primary alkyl species

J. Am. Chem. Soc. 2010, 132, 307863091



Borylation of Primary over Secondary CbH Bonds

Reversible? |
H\/\R PII”IB""} \/\ P|nB\/\
I .. R - Cp'Rh(H),
I ﬁ }'
PinB*"/" \"""H P,nB‘.-?Rh
H  BPin
A\ j“ibt
_ BPin
HBPIn oo e .
H ~* PlnB““/ Me R
PN W’ - Cp'RA(H),
R

Does this step occur?

| octane/cyclohexane

PinB* / \ D 70iC, 8 h
D BPin
D
BPin
CeHls/\/D + + CeHy”

10.0% (8 h)

J. Am. Chem. Soc. 2010, 132, 307863091



Borylation of Primary over Secondary CbH Bonds

Reversible? |
H\/\ ..... PinB
R PinB* / \/\ - \/\
. R - Cp"Rh(H),
I ﬁ }'
PinB*"/" \"""H P,nB‘.-?Rh
H BPin
A j<i>z
BPin

T \rMe oo
- 2

Does this step occur?

Selectivity can arise from:

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

2) Unselective C PH Cleavage followed by selective C BB bond formation
from primary alkyl species

J. Am. Chem. Soc. 2010, 132, 307863091



Borylation of Primary over Secondary CbH Bonds

Reversible? |
H\/\R PII”IB""} \/\ P|nB\/\
I .. R - Cp'Rh(H),
I ﬁ }'
PinB*"/" \"""H P,nB‘.-?Rh
H  BPin
A\ ¥ j<i>z
_ BPin
HBPin oo e .
H T PlnB“"/ Me —_— R
A W’ - Cp'RN(H),
R

Does this step occur?

Il Ga& = 1.5 kcal/mol
2j CbH Bond

1; CBH Bond

J. Am. Chem. Soc. 2010, 132, 307863091



Borylation of Primary over Secondary CbH Bonds
1i CBH Bond (C BH Cleavage to place B and C cis to each other)

2i CbH Bond (CbH Cleavage to place B and C trans to each other

1) Alkyl intermediates are formed reversibly
2) CBH Cleavage occurs faster at primary C BH bonds
3) For secondary, isomerization and Cb B R.E is rate -limiting

J. Am. Chem. Soc. 2010, 132, 307863091



Borylation of Primary over Secondary CbH Bonds

J. Am. Chem. Soc. 2010, 132, 307863091



C(sp®)PH Borylation: Overview

I o) Me
__W ____________________
ocy \ K
oC \\XJO i
Me '
Hartwig

Science 1997, 277, 211D213

)
\)

A

R
Me
Me > >
X ~N..  .BPin x-N.,, .BPin
., rn‘ - r‘
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Borylation of Secondary CDH Bonds in Cyclic Ethers

5 mol %[Ir(cod)OMe],
1 equiv. B,Pin,
10 mol% Ligand

NN > NN BPin
neat, 120 ;C
tBu tBu
\ 4 7\
N N=
<5% vyield
B More electron-rich iridium-trisboryl complexes react faster with aromatic CBH bonds
Bl Iridium-trisboryl with bulky phosphines react slower tha n bipyridine ligands

Bl Can Iridium complexes containing planar, strongly-dona ting bidentate ligands catalyzed
the borylation of aliphatic bonds?
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Borylation of Secondary CBH Bonds in Cyclic Ethers

5 mol %[Ir(cod)OMe],
1 equiv. B,Pin,
10 mol% Ligand

NN > NN Bpin
neat, 120 ;C
tBu tBu tBu Me;N
— —_— ~
o 7 \ 7 N\ M 77—\ ] RN
/ / \ — \ N \—NMe
\_7 N = \_7 = N N N N .
- - 0% vyield
88% yield 45% yield <5% yield 28% yield Ve
B Borylation of cyclic ethers
Me,Phen e —
E()) s o : ~-N
+ B—B { Ir -
‘7\0' \O/T ~ Q )\
neat, 120 {C, 14 h BPin Me =
. Me
83% vyield

J. Am. Chem. Soc. 2012, 134, 1242212425



Borylation of Secondary CBH Bonds in Cyclic Ethers
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Borylation of Secondary CBH Bonds in Cyclic Ethers

M Potential pathways
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B Kinetic Isotope Effect Experiments
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Borylation of Secondary CBH Bonds in Cyclic Ethers
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Origin of the Difference in Reactivity between Iridium Catalysts
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Me / Me
\ N N=— \ r\{ N=
tmphen dtbpy

m Trisboryl complexes have similar electronic properties

1/2 [Ir(COD)(OMe)] Bu
Bu~ = , HBPin (xs), COE (xs) : N CI:O _
= _N then CO (1 atm) """Ir"“BPm
> <N~ | YBPin
. =N CyH, rt L N Eein
tBu = tBU
1971 cm1
Me
Me Me
Me 1/2 [Ir(COD)(OMe)] — co
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Me Me
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(Mes)Ir(BPin)3

O Ligand O
L -
neat, 100 jC

BPin
Me Me tBu tBu
Me / Me
\ N N=— \ r\{ N=
tmphen dtbpy

m Analysis of crude mixture revealed 80% of ligand
has been borylated

tBu tBu tBu tBu
NN — - \_ M N
\ N N= N N=—
L1

Competition experiments show the rate of ligand
borylation is comparable to substrate

J. Am. Chem. Soc. 2019, 141, 16479! 16485



Origin of the Difference in Reactivity between Iridium Catalysts

szinz
(0.47 M)
(Mes)Ir(BPin)3

O Ligand O
L -
neat, 100 jC

BPin
Me Me tBu tBu
Me Me
\ l\{ N= \ r\{ N=

tmphen dtbpy

m Analysis of crude mixture revealed 80% of ligand

has been borylated m Does borylation of ligand lead to

catalyst deactivation?

tBu tBu
Bu Bu - 5 mol% (Mes)Ir(BPin);
— 7\ 780\ N 5 mol% L1 N
\ / \ / — szinz
N N= N N >
BPin BPin .
<5%

Competition experiments show the rate of ligand BPin

borylation is comparable to substrate

J. Am. Chem. Soc. 2019, 141, 16479! 16485



Origin of the Difference in Reactivity between Iridium Catalysts

Is catalyst lifetime due to difference
in rates of ligand borylation?

tBu tBu

J. Am. Chem. Soc. 2019, 141, 16479! 16485



Origin of the Difference in Reactivity between Iridium Catalysts

Is catalyst lifetime due to difference
in rates of ligand borylation?

tBu tBu 2.5 mol% [Ir(COD)(OMe)], tBu tBu
5 mol% dtbpy —

— 7\ B,Pin, (2 equiv.) N/ 7 N

N= THF, 70 iC

2.5 mol% [Ir(COD)(OMe)],
5 mol% dtbpy
— B,Pin, (2 equiv.) )
Me—\ = » Complex Mixture
N= THF, 70 {C

J. Am. Chem. Soc. 2019, 141, 16479! 16485
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Origin of the Difference in Reactivity between Iridium Catalysts

Is catalyst lifetime due to difference
in rates of ligand borylation?

tBu tBu 2.5 mol% [Ir(COD)(OMe)], tBu tBu
5 mol% dtbpy —
o 7\ B,Pin, (2 equiv.) \ 2 7/ \
ans o -
N THF, 70 iC i .

2.5 mol% [Ir(COD)(OMe)],
5 mol% dtbpy
B,Pin, (2 equiv.)

» Complex Mixture

THF, 70 {C

J. Am. Chem. Soc. 2019, 141, 16479! 16485
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Origin of the Difference in Reactivity between Iridium Catalysts

Is catalyst lifetime due to difference

in rates of ligand borylation?

tBu tBu 2.5 mol% [Ir(COD)(OMe)], tBu tBu
5 mol% dtbpy —
o 7\ B,Pin, (2 equiv.) \ 2 7/ \
\ /N = . . 7 _
THF, 70 iC BRI o
Me, Me 2.5 mol% [Ir(COD)(OMe)],

5 mol% dtbpy
B,Pin, (2 equiv.)

» Complex Mixture
N= THF, 70 {C

Longer lifetime is due to stronger binding of

J. Am. Chem. Soc. 2019, 141, 16479! 16485
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Need for Active Catalyst to Avoid Large Excess of Substrate

5 mol % (MesH)Ir(BPin);

O 5mol % Ligand 0,
D + BzPinz o
neat, 100 jC

+(0.47 M)
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Me Me
N N 5_ >—<_/ N ¢ N
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Me N N Me Me
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Science 2020, 368, 736D741
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Me Me
D V/\ = D/
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Me N N Me Me
2-mphen tmphen 2,9-dmphen

M Relative rates: ca.50:1: 1

m Similar result for dibutyl ether
(primary CBH bond)
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Need for Active Catalyst to Avoid Large Excess of Substrate

5 mol % (MesH)Ir(BPin);

O 5mol % Ligand 0,
D + BzPinz -
neat, 100 jC

+(0.47 M)
BPin
Me Me
N N = N ¢ N
\ ’\{ N= Me \ / /_\ Me \ |\{ N=
Me N N Me Me
2-mphen tmphen 2,9-dmphen

M Relative rates: ca.50:1: 1

m Similar result for dibutyl ether
(primary CBH bond)

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

B HBpin inhibition observed:
HBPIn disproportionatesto B ,Ping
and BH ; (1B NMR supports this)

Science 2020, 368, 736D741



Scope of Reaction

2.5 mol % [Ir(OMe)(COD)],
5 mol% 2-mphen

Borylation of Primary CDH Bonds

BPin
N\/\/\/\BP' W““
in .
OH Br BPin

X
H
RN\~ or Q
/\/\/\/\Bpm
+
PinB P U U W
BPin
65% yield
BPin
BPin
>, (T
% O

78% yield 52% vyield
Science 2020, 368, 736741

Borylation of Secondary CPBH Bonds

X
2-3 equiv. B,Pin, BPin
R/\/ or
cyclooctane, 100 jC
Open vial under N

or
Closed

BPin

73% yield 49% yield 58% yield

BPin (*j/Bpin BPin
N N
| I
Boc Boc X :
Bu0,C Me
78% vyield 50% vyield 31% vyield

(6:1)



Mechanistic Studies

O 0
Q 5 mol % (MesH)Ir(BPin); Q

5 mol% 2-mphen

3 mmol 0.25 mmol B,Pin, BPin
+ ' +
O» neat, 100 ;C o
ds E(\qg

3 mmol KIE=21+0.1 BPIN

Intermolecular Competition

CH
CiHys™ 73 C7H15/\BPin
5 mol % (MesH)Ir(BPin);
3 mmol 5 mol% 2-mphen +
0.25 mmol B,Pin,
+
neat, 100 iC D D
CD
C7D15/ 3 C7D15 BPin
3 mmol KIE=3.4+0.2

Science 2020, 368, 736D741




Mechanistic Studies

Intermolecular Competition

o) o) CH
Q : CrHys™ 2 CrHis™ Ngpi,
5 mol % I(MesH)IrrEBPin)3 E 5 mol % (MesH)Ir(BPin);
5 mol% 2-mphen _ ' 3 mmol 5 mol% 2-mphen
3 mmol 0.25 mmol B,Pin, BPin ; 0.25 mmol B,Pin, *
+ + : +
0 neat, 100 ;C 0 neat, 100 iC D D
: CD
E/Q Eg ! C7D1s™ 7 CD1s™ gpin
dg dg :
3 mmol KIE=2.1+0.1 BPIN : 3 mmol KIE=3.4+0.2

B Rate increases with Increase in Substrate Concentration

0.78 M (red)
1.2 M (green)
1.6 M (Blue)

12.5 pmol (MesH)Ir(BPin)3
12.5 pmol 2-mphen

t_Bu/O\(,); 0.375 mmol B,Pin, ey’ BPin

cyclooctane, 100 jC

0.16 - 0.31 mmol

Science 2020, 368, 736D741



Catalyst Modification during Induction Period?

5 mol % (MesH)Ir(BPin);

0 5mol% Ligand O,
I/\) +  B,Pin, >
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(0.47 M)
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o 7\ o 7\
/ /
\ = D \ TN =
D5C H,C
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Catalyst Modification during Induction Period?

5 mol % (MesH)Ir(BPin);

0 5mol% Ligand O,
I/\) +  B,Pin, >
neat, 100 iC

(0.47 M)
BPin

2-mphen-d ; 2-mphen-d - 2-mphen

B Effect of deuterium position on induction period suggests mo
methyl group leads to active catalyst

M Prior work shows borylation of bipyridines and phenanth
deactivate catalyst

Science 2020, 368, 736D741

dification of

rolines



Catalyst Modification during Induction Period?

5 mol % (MesH)Ir(BPin);

0 5mol% Ligand O
D + BzPinz -
neat, 100 iC

(0.47 M)
BPin

Higher acidity J
strengthens CBH B O

Science 2020, 368, 736D741 interactions



Catalyst Modification during Induction Period?

5 mol % (MesH)Ir(BPin);

© 5mol% Ligand O,
I/\) +  B,Pin, >
neat, 100 iC

(0.47 M)
BPin
— 7/ \ Higher acidity
\ N/ = strengthens C BHD O
D4C interactions

2-mphen-d ;

Boron can be used
to stabilize anions at
adjacent carbon centers

Science 2020, 368, 736D741



C(sp®)PH Borylation: Overview
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Hartwig
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JACS, 2020, 142, 6488D6492

Me
Me >
\ N""'I “\BPIn
.
| <N | YBPin
BPi
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Hypothetical Lead Compound
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Hartwig
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2,20-Dipyridylarylmethane Ligands (Schley)

5 mol% [Ir(cod)OMe],
10 mol% Ligand

No ol
+ / (1)
NN B—B { Ir ' /\/\/\/\BPin
\O/ \O/ ~’/
7 § neat, 120 iC
_H2
(1 equiv.)

Ligands Explored

E
>\: :’< | AN I A
PA N =
tmphen L2
82% 20% 180%

J. Am. Chem. Soc. 2020, 142, 6488! 67492
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C(sp®)PH Borylation: Overview
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Asymmetric Borylation of C(sp3)PH Bonds

3 mol% [Ir(OME)(cod),
SN H H A/O\ ,O\L 3 mol% Ligand | SN H OH
| * /B_B\ - = )
(- HBPIn)

then NaBOg3! 4H,0

2-3 equiv.
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| e

NP | NP
X 2\ \
NS \O\ DS \O\ | o—\ /
O/P—O Me O/P—O \ \ N
J T W, 0"
N Me NN F Z | XY O
JJ O
(R)-L1 (R)-L2 (R,R)-L3
30%, 30% ee 52%, 76% ee 83%, 99% ee

(2,6-lutidine 20 mol%)

Sawamura JACS, 2019, 141, 68176821
Sawamura Science 2020, 369, 970Db974



Asymmetric Borylation of C(sp3)PH Bonds
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Asymmetric Borylation of C(sp3)PH Bonds

B,Pin,
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H H OH
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Metal-free C(sp®)PH Borylation

B Decarboxylative borylation

& °
R o ° Visible light . >_R
N—O B—B, > N=G !
0 o) PET
0

O

B Decarboxylative borylation

©
O X O
. j Re co
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© He, H
o X o R2 \O/\R1
- CO °
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I -scission
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Nature 2020, 586, 714D719



BMHAT borylation
o
0

N—O

Nature 2020, 586, 714D719

Metal-free C(sp®)PH Borylation

-CO,
—»
I -scission

Knowles
Chem. Sci., 2020, 11, 11124911141



Metal-free C(sp®)PH Borylation
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Metal-free C(sp®)PH Borylation
BMHAT borylation

© Hig HoN
O X 0O R2 e Ry
. Rl LZ»
-CO
N—=O —2> N©O® + .O/\Rl R'2
| -scission
O 0

B HAT by alkoxy radical?

O
O
N—=O
N=—OR \—CF3
@)
. © 61% yield
(1 equiv.)
20 mol% CIB(cat O
H * By(cat), o Bt - BPin
: MeCN (0.025M) N—0O
(10 equiv.) (1 equiv.) 390 nm LEDS, 25 iC oh
24 h
then pinacol, Et3N O
58% vyield

HAT thermodynamically unfavored!
Phenol ObH BDE (90 kcal/mol)
Unactivated Csp 3PH bond (97-101 kcal/mol)

Nature 2020, 586, 714D719



Metal-free C(sp®)PH Borylation

B Involvement of chloride radicals
O

N—OCH,CF;

cl
O Cl

(1 equiv.) BPi
U/ , 5, cat), 1 equiv. CIB(cat) _ " 4

MeCN (0.025M)

(1 equiv.) 390 nm LEDS, 25 iC .
46% : .
24 h 7030 d radical addition
then pinacol, Et3N 5-exo-trig cyclization

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

M Excited state of phthalimide is quenched with similar efficiency by
CIB(cat), NEt,Cl, and B,(cat),

Nature 2020, 586, 714D719
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